‘THE INVESTIGATION OF ARTIFICIALLY

ELEVATED TEMPERATURES IN
RIVERS AND STREAMS

BY WILLIAM JOHN JOHNSON, PH.D

MAY 1969

DOCTORAL DISSERTATION

SUPPORTED BY
DEPARTMENT OF THE ARMY

GRADUATE FELLOWSHIP PROGRAM




THE INVESTIGATION OF ARTIFICIALLY ELEVATED

TEMPERATTRES IN RIVERS AND STREAMS

Williem John Johnson, Ph.D.

The University of Connecticut, 1969

The goal of this research was to supply to the water resource analyst
a means by wﬁich water temperatures in a river to be subjected to artificlal
heating can be predicted.

A review of previous research efforts which have contributed to the .
ultimate goal is followed by a study of the mechanisms of heat tranﬁfef
acting between stream and atmospheric environments, Based on an'energy baiance
approach, a masthematical model is presented which permits the determinastion
of stream water temperatures from.meteorologic and hydrolegic input. The
model was adjusted to fit data from the White River, a tributary of the
Connecticut River, located in Central Vermont. Digital compufers were
utilized in evalueting effects of various possible patterns of heated
discharge and flow gugmentation on the natural temperatures.

Cther aspects of this broad problem which were discusseé include the
social, political, nnd legal aspects and implications of thermal diccharge
to streams, alternate means of disposing of waste heat, possible éonstructive
uses of waste heat, and monitoring systems snd instrumentation for the

collection of temverature data,
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PREFACE

The {first goal of this research was a review and evaluation of
the literature concerned with the study of stream water temperatures,

The second goal was the creation of realistic, practical means
of analyzing the teinperature of the river‘envifonment. A method is
suggested for approaching a problem requiring the prediction of the
effects of various uses of .stream water on its temperature. In this
regard, several mathematical techniques were applied which yield
valuable insight,

Finally, sugg.estions were made which, it is believed, will
facilitate the establishment of realistic regulation criteria and proper
e;cecution of such regulations,

Much appreciation is expressed to Professors C. J. Posey,

V. E. Scottron, and W. J. Widmer for their invaluablé discussions
and patient guidance,

This research was supported by. a U. S, Army Corps of Engin-
eers Graduate Fellowship established under regulation ER 690-1-514,
Many thanks are due the Corps.of Engineers for not only suggesting:
the disgertation topic but for making available many valuable resources.

Also the valuable assistance of David I. Hellstrom, of the Corps
of Engineers, is gratefully acknowledged. His discussion of numerous
aspects of the work as well as of computer technology contributed

greatly to the successful completion of the research,
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the fine work on rhany of the diagrams contained h-.erein and to the
typing staff for straightening out some very rough drafts,

Finally, the patient éonfidence and understanding of the author's
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CHAFPTERI

GENERAL CONSIDERATIONS

1.1 INTRODUCTION

There has been a growing awareness of a need for engineers to
be able to predict quantitatively the effects of engineering structures
which affect stream flows or use them in some way. Vitally important
at this time is the development of an understanding of thé behavior of
the river on which such structures are constructed since there is a
growing Arecognition of the fact that interference with one feature of a
river's constitution may upset a delicate balance which will subse~
quently cause changes in others,

Recently, an important quality of stream and river waters has
been receiving much attention, that being water temperature. This
has been brought about by tremendous industrial growth which has
created greater demands for stream waters, The largest demand has
been for cooling waters utilized in many industrial processes, conse-
quently résulting in discharges at elevated temperatures, Existing
thermal loads discharged to streams are usually of local concern,
Such conditions, to mention a few, have bheen examined in the Mahon-
ing River and Miami River in Ohio; the Tittabawssee River in
Michigan, and the Fc:;'x River in Illinois and many others more recently.
The temperature of many of the Nation's rivers and streams is rising,
more noticeably during the summer months of highest temperatures,

as a result of increased use of water for cooling purposes by



certain industria_l operations such as steam electric power plants,
steel mills, petroleum refineries and paper mills, all of which must
dispose of large quantities of waste heat. (Figures 1.1, 1.2) The
most noticeable temperature rises occur during the sﬁmmer months
when natural temperatures are at their highest and stream flows at
their lowest., This is not to say that larger rises in temperature do
not occur in colder periods, they certainly do, but the consensus is
that such increases are beneficial, if moderate., In the ordinary sense
of the term ''pollution'' these cooling and condenser waters are returned
to the water course unimpaired in quantity and quality, However,
during warm periods, the temperature of the water course may rise
substantially above normal levels. This affects the natural waste
assimilation capacity of the stream and the normal aquatic life, and
may interfere with sﬁbsequent downstream uses,

Under natural conditions, in general, the temperature of streams
of moderate depth will not be much below the monthly ‘mean air temp-
erature. In the critical summer months of July and August, the water
will be within 5 degrees F. a.bove-or below the monthly mean air
temperature during July and from 3-9 degrees above the monthly
mean air temperature in Augusf(l). As an in'dilcation of the problem
which is developing it has been found that extreme thermal loadings
have gatised stream water temperatures to rise as much as 30 degrees

(2)

F. above the temperature of surrounding air' '. (Figure 1. 3)
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Ohio River

Heavy thermal loading, coping
with it in a satisfactory
manner. (From : ORSANCO Data)
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The earliest concern for the problem was among aquatic biolo-
gists., Temperature is a very important factor in the aquatic environ-
ment because it can determine the species that will live and reproduce
ina given body of wate;r. It governs a number of interdependent water
quality cha;racteristics that affect aquatic organisms, Ambng the im-
portant effects of elevated temperatures are changes in viscosity,
oxygen content, rate of reaeration and oxygen usage, and chemical
toxicity. |

Thermal discharges are usually combined with, or in close
proximity to, other waste effluents. The result is a more rapid ex~
haustion of the available oxygen resource of the stream., It is possible
to pfedict the effects of various thermal discharges on the oxygen
profile by considering a logarithmic decline in temperature as water
progresses downstream. Figure 1. 4 illustrates the relation between
temperatﬁre and dissolved oxygen along a water course. The hypo-
thetical exarnple assumes a mild organic pollutant load is present
and that sufficient aeration occurs to oxidize it., Basically, the
three curves demonstrate the effect of temperature upon the oxidation
rate of the organicload,l The relation between thermal load and
critical dissolved oxygen content canl be developed to ascertain the
extent to which thermal loads should be cocled prior to discharge,

. There are two related reasons for the current interest in thermal
loading. The first, as disc.ussed previously, is the fact that a change

in temperature will modify the environment of aquatic flora and fauna



Relation Between Water Temperature
and Oxygen Profile
(A Hypothetical Case)

3B

: \
p \
': \
: \
H \
: \ (=
3 \\ «
: \
A\
b, \
: _ ¥
. \
\ w
. \\ @©
. \ k=
. \ -
L o
) \\ N
. \ 5
. \ o
o. \ 5
.t‘ \ Srrne
A T ©
A e
. A, &
ou'— \; w
. _—
2 vl o
~ '
i 2 @ =
/ 5
w / S
o] / LI.: e
2 | /o @
A . =
\/ — ._' =
7 gt = L2
s - b
” . =
- ot 3
/', l'... X
- et
- .
- ve
-—-"'"". aes® -t *
e = T
aget o
o =] o =] (= o o
[f=] w 3 o od — o

1/ 8w * uaBhxg parossig

o Figure 1.4 Quantative Relationship Between Water Temperature
' and Oxygen Profile



and thereby cause a change in the species that can live and propagate
in a given body of water. The second is a fear that the tendency for
thermal loading to increase will in time exceed the capacity of sur-
face water to dissipate the excess heat and thus result in permanent
temperature elevations over considerable areas,

There have been, basically, .two methods of approach to the prob-
lem of determining the distribution of excess heat in a stream. Each
has been used with varying degrees of success. It has been recognized
'tha_t such success is directly related to the extent and accuracy of
available data, The approach most often attempted has been what
is termed the "heat-budget' method. Here the changes in heat content
of a body of water are analyzed by first evaluating the heat transferred
by each mechanism separately, (Figure 1. 5) and then summing to find
the total heat transferred into or out of a specific body of water.
(Figure 1, 6) There are many practical difficulties encountered in
attempting to employ this approach. Variables such as solar and
atmospheric radiation, evaporation, conduction and conrvection are
difficult to determine even over short periods of time,

The second method of approaching this problem which avoids
thé many difficulties of the heat budget type of approach, is based upon
the assumption that excess temperatures will decay exponentially with
time. Again complete success has been hampered by a lack of tempera-

ture survey data.
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Both of these approaches include further assumption when
account is taken of the discharge of the heated effluents. Four con-
ditions may be assumed to exist. (Figure 1.7) First, if sufficient
turbulence exists, the discharge is assumed to mix completely with the
total stream flow at the point of discharge. This assumption is usually
made because of the difficulty in determining the total length of reach in
which complete mixing takes place, The second condition is characterized
as vertically stratified, This condition would occur whén stream flow is
‘placid and discharge velocities are sufficient to spread the heated
effluent over the entire water surface. Immediately, a third condition is
established when velocities are only able to spread the effluerit over a
portion of the surface, This theﬁ is both vertically and horizontally
stratified.

The fourth, and last, condition occurs when there is channelization
of flow with sufficient turbulence to cause mixing vertically. This
condition is characterized as horizontally stratified,

There are inherent difficulties of the last two cases, They are
concerned with calculating the cooling which results when only.a por-
tion of the total streamflow has been heated. This area has received
lif;tle attention from researchers because, usually, one of the first two
conditions is assumed.. Field studies have shown that heat plumes
(Fig. 7, Conditions III and IV) do form indicating that concern should
be given to cooling water under this condition. Attention will be given

to all these possible conditions of mixing in the model to be discussed later,
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Stratified Conditions
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1.2 THE AIMS OF THIS STUDY

A procedure will be suggested which, hopefully, will aid in the
solu?ion of the problem of determining the temperature effect of thermal
discharges on rivers and streams. Fundamental to this study is a
systematic organization of all efforts which have contributed to the
ultimate goal, The mechanisms of heat transfer acting between stream
and atmos-pheric environments will be presented and studied, A re-
view of previous works concerned with heat balances and temperature
prediction will be carried out and their contribution to the overall
problem will be identified. Suggestions will be made to aid the
organization of field surveys with.the ultimate goal of supplying data
to temperature studies,

Based on much of the foregoing, a mathematical model will be
constructed which will determine stream water temperatures from
meteorologic and hydfologic input. A case study will be carried
ou;: in order to evaluate the mathematical model. High speed
electronic digital computers will aid at this point. Simultaneously the
simulation technique will be appraised and the applicability 6£ the
suggested organization and methodology will be assessed.

Finally a review of the instrﬁrnenta.tion available for supervision

and maintenance of temperature criteria will be carried out,

1.3 SOCIAL-POLITICAL-LEGAL ASPECTS AND IMPLICATIONS OF .

THERMAL DISCHARGES TO STREAMS

The ability of many social groups - fishing, out-door recreation,
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boating, aesthetic conservationists, etc., to place pressure at sensi-
tive locations in order to have their- feelings and desires known has
often been underestimated. As a result of their concern and interest
more effort by science and industry has been directed toward this
problem. In 1':he period of time since 1960 there has been a very rapid
increase in research and writings concerned with thermal pollution of
rivers, the effects of power production on poliution levels, the effects
of thermal effluents on stream environments, etc,, all of which have
created increased awareness on the part of the general public of the
potential danger to the nation's waters.,

Reactions in many instances have necessitated regsponsible
agencies to set down regulations regarding effluent quality and the use
of streams as a heat dump. Such work has been left to the local
governing agency and therefore, no pattern has been set which would
aid future similar efforts. Of course, most every problem or situation
is unique and results in a unique set of regulating criteria. However,
the basic approach to analyzing the situation, the areas of concern,
and the possible solutions or recommendations are very much similar,
A few states have rules governing heated wastewaters, Although
these are somewhat vague, they appear to be satisfactory, for present
needs at least. 7The rules will be reviewed in the following pages.

Streams and rivers comprise one of the most important national
resources with many uses, Unfortunately, cértain uses conflict mildly

with others, while some are mutually exclusive, There is universal
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agreement that the first priority of water use must be assigned to
public water supply. The priorities of other uses are difficult to set
because of the .va.ria.tion'in local. interest‘s from area to area, Certainly,
one important function is to carry away and assimilate wastewaters,
This use is con‘}pletely accepted and is neither improper nor illegal,
However, it is understood that the discharge should not utilize more
than a reasonable fraction of the streams capacity for self-purification
as necessary to pro_tect downstream uses,

According to R. D. Hoak( 3) it is easy to accept this principle
of reasonable use of streams because it represents economic logic,
Problems do arise, though, when attempting to reach agreement on
the reasonableness of a particular use. This difficulty is a dir;act
consequence of limited quantitative information on the actual effects
of the different industrial wastes on water quality. Examples of just
how limited our knowledge is and how very little factual information is
available, occurred when several eastern states concluded that it would
be either desirable or necessary to control discharges of heated cooling
water, It was quickly discovered that a basis upon which suitable
reéulations could be drafted could not be furnished,

In an effort, then, to establish a course of action several sets
of regulations will be reviewed and discussed.

Noteworthy work leading to the creation of disrcha.x.'ge regulations
of heated effluents includes the Fennsylvania Department of Health's

set of state-wide regulations and the more recent Vermont Water
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Water Resources Board Regulations for heated discharges into. the
Connecticut River at Vernon, Verm ont, These two piecés of
legislation ciiffer basically in that the Vermont regulations are a
refinement of their Pennsylfrania counterpart. They refer to specific
locations and discharges and could not be easily applied to other areas
easily whereas the Pennsylvania regulations are general and intended
to be a guide to the development of specific regulations.

The rennsylvania Department of Health, in é.nticipation of the
future, _proposed a set of regulations to govern heated wastewater in
1961. The proposal was advanced to serve as a basis for discussion that
would lead to practical temperature controls, The tentative regulations
arcused much criticism, especially from industry. The Department
of Health, therefore, appointed a committiee to study the problem and
make appropriate recommendations,

The committee consisted of representatives of both industry and
conservation organizations, five of the nine members being engineers.
Sub-committees were appointed to investigate particular aspects of the
problem, and meetings were held with staff members of the Division
of Sanitary Engineering about once a month,

The committee was concerned with a number of areas. First,
the problem of establishing a temperature limit was investigated. It
was concluded that the maximum allowable stream temperature would
be based upon laboratory studies which have fixed lethal maxima for

most species of game fish, Of course, the question arose regarding
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relationship of laboratory results to natural stream conditions. The
defending argument presented revolves around the difficulty of account-
ing for the many variables and that 1imi;ting values must be determined
under carefully controlled laboratory conditions. In the final analysis, it
is proper to select limits suitable to specific local conditions where
variables can be estima.ted by field surveys.

A sécop.d area investigated concerned dissolved oxygen. A
survey sponsored by Mellon Institute undertook to answer several
questions and resolve some misunderstandings regarding amounts of
dissolved oxygen present in natural streams and its diurnal variation.

Another area of concern was that the variability of actual stream
temperatures. Questions they hoped to answer included: (1) what
volume of stream water is affected by a heated discharge? (2) what
rates of natural heat dissipation of thermal loads are experienced?

{3) what is the possibility of using cool subsurface water for fishways?
ancll (4} are there any tendencies for cumulation of artificial heat in
streams? It was apparent that information on these points could only
be obtained from field surveys. A ﬂumber of steel and electric power
companies agreed to make temperature surveys, Results of these
surveys yielded valuable information and answers to many questions. (3)

Based upon the preliminary regulations and the findings and
'recommendations éf' the advisory committee the following regulations
for the State of Pennsylvania were promulgated in August 1961 by the

Sanitary Water Board.:
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A. The temperature of the waters of the Commonweélth
shall not be increased artificially by amounts that shall be inimical or
injurious to the public health or to animal or aquatic life or prevent the
use of water for domestic, industrial or recreational purposes.

B. The heat content of discharges shall be limited to an
amount that could not raise the temperature of the entire stream at the
point of discharge above 93°F assuming complete mixing, The heat
content of discharges may be increased or further limited where local
conditions would be benefited thereby.

C. Where downstream circumstances'warrént, the area in
which the temperature may be artificially raised abox.re 93°F will be
prescribed.

D. A fishway will be required in streams receiving heated
discharges where this is essential for the preservation of migratory
pathways of game fish, or for the preservation of important aquatic
life.

E, Paragraphs B and C do not apply to streams so impreg-
nated with acid mine drainage that they cannot support a fish population
typical of the region except for heated discharges which adversely affect
domestic or industrial uses o‘r secondary streams,

F; There shall be no new discharge to waters providing
a suitable environment for.trout if as a result the temperature of the

. 0
receiving streara exceeds 587 F,
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G. Reduction of the heat content of discharges to estuarial
waters will be required where necessary to protect the public interest.
Estuarial waters are those containing ocean salts. Tidal waters not
containing ocean salts are considered as fresh water streams.

The State of Vermont faced the task of establishing regulations
for heated wastewaters when a controversy over the possible énviron—
mental effects of a proposed nuclear power plant to be located on the
Connecticut River at Vernon, Vermont, erupted and the need for
regulation was realized,

In that the waters of the Connecticut River under applicable law,
constitute public waters subject to the jurisdiction of the State of Vermeont,
the burden of creating the regulations was placed with the Vermont
Water Resources Board. The Board has the specified duty of pro-
viding for the enhancement and improvement of water quality and the
prevention, abatement and control of pollution thereof. Many states
have establishled a board or department with such duties.

The Vermont Water Rescurces Board had earlier adopted Standards
of Water Quality applicable to the intrastéte waters of Vermont., Thesge
Standarcis include certain criteria relating to the temperature of such
waters and to the permissible increase in temperalure, if any. In

that these standards had never been tested previously, the Board was
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obligated to consider how its standards relating to temperature should
be applied.

In order to create additional basis and substance for a set of reg-
ulations to govern the disc'harge at the proposed plant, hearings were
held to collect information. Evidence supporting both the pros and cons
of such a discharge were heard from knowledgable representatives of the
parties concerned. From a consideration of the evidence gathered the
Board assembled a list of facts which would form a basis for the reg-
ulations to follow, This list was subsequently published and distributed
to arouse criticism and discussion. Upon review of the comments re-
ceived, the proposed regulations were constructed, published, and
distri_buted for comment., Criticisms were considered and a final
set of regulations drawn up.

In this particular case the regulations were the central element
of an order of permit to the Vermont Yankee Nuclear Power Corporation
for the discharge of cooling water and radicactive substances to the
Connecticut River, As a result, the evidence heard was peculiar to,
for the most part, the reaches which would be effected by the proposed
discharge. This is essentially the fundamental difference between the
Pennsylvania regulations and Vermont orders mentioned earlier.

The Vermont order placed relatively strict provisions on the
Yankee Nuclear plant operation and limif‘.ed the temperature and volume

of its diécharge.
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There is anticipation of the reintroduction of anadromous fish
into the Upper Connecticut River. However, it is commonly known
that there are numerous factors or conditions on or in the Connecticut
River downstream of Vernon, Vermont, the proposed plant site which
are adverse to the reintroduction. Among these conditions are,

(1) a high degree of existing pollution from human; industrial and

other wastes, (2) the existence lof a number of high dams of such height
that artificial means will be required to assist such migratory fish,

{3) extreme low flow resulting from hydro-power regulation, {4) future
pump-storage operation which will also remove water from the Connec-
ticut basin.

Over and above these barriers it was assumed that the reintro-
duction will be co.mpleted and consequently temperature limits are
based upon the tolerable limits of the fish, This is reasonable if the
likelihood of removing or ameliorating the existing conditions is
high, Otherwise it places a greater burden upon the utility.

Certainly, then, this condition should be investigated as fully
as possible, as should all parameters which directly influence the
temperature criteria,

The Vermont order of permit consists essentially of three
parts. One regarding the installation and use of machinery and other
equipment as are necessary to cool and otherwise treat the heated water.

A second area concerned with temperature rises and rates of temperature
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rise. In this regard the order states:

Controlled amounts of heated water may be discharged
into the Vernon Pool in accordance with the requirements
of the following table, which sets forth in the first column
& range of maximum temperatures during any twenty-four {24)
hour period as they may occur in the Vernon Pool upstream
of the condenser water inlet, and in the second column sets
forth the maximum increase in the river's temperature, re-
sulting from such discharges, that will then be permitted
during the subsequent twenty-four (24) hour period as measured
downstream of the mixing zone:

COLUMN 1 COLUMN 2
‘Maximum River Allowable Increase
Temperature in Temperature
Above 70°F 0°r
67°F to 70°F 10F
63°F to 66°F 2°F
59°F to 62°F 30F
o O o]
557F to 58YF 4°F
519F to 54°F 50F
47°F to 50°F 6°F
43°F to 46°F 7°F
39°F to 42°F 8oF
369F to 380F | 9°F

35°F and Below 10°F
Any discharge of heated water into the mixing zone at

Vernon, Vermont, shall be so controlled as not to cause the

rate of change with respect to time of the temperature of the

river to exceed, upward or downward, one~half of one degree

Fahrenheit per hour from May 1 to October 31 and one degree

Fahrenheit per hour from November 1 to April 30,

The final area covered by the crder concerns the installation
and operation of a Comprehensive Monitoring system to measure
and record such physical, chemical, and other data as are necessary
to ensure that all the reguirements of the order are met,

Numerous other cases, which constitute additional steps toward

the development of completely successful regulations, might be cited
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but the two works previously discussed are sufficient to suggest the
"nature and depth of the problems encountered.
From the preceding discussions, guidelines for the establishment
of such regulations may be extracted.
(1) Anticipating the Need for Regulations.
| Hopefully, responsible agencies, whether local, state,
or federal, will anticipate the future and recognize the need for the
regulation of thermal discharges. This is certainly preferable to the
creation of regulations only when conditions demand. Anticipating
the nee.d will facilitate the establishment of the most comprehensive
regulation program possible, With sufficient time to e'xamine propo-
sals, subcommittees may be organized to carry out studies or plan:
and execute field investigations to supply additional necessary informa-
tion. In short, foresight will be the most valuable asset to the develop-
ment of successful regulations.
{2) Supplying information upon which regulations may be
based.
1f sufficient field data concerning natural stream tem-
peratures, flows, etc, and technical data on existing discharges are
available then all that remains to establish a basis for regulations is
to determine future demands on the stream and the future of aquatic
life contained therein,
(3) Analyzing Information

Thought must be given to the potentials, in terms of
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industrial and popuiation grthh and consequenf power need of each
area, In other words, an accurate picture of the future demands to
be placed upon the stream must be known whether tﬁey be for cooling
water, water supply, final treatment of wastes or whatever. The
presumed heCessity for imposing controls over stream temperature
as a result of p;‘edicted increases in thermal load must be considered
with care. Analyses, supported in part by the results of this
paper, must be carried out to determine the ultimate potential of

the stream to assimilate or dissipate the waste heat. Such analyses

will aid decisions regarding the extent to which discharges must be cooled

or othéfwise treated. For example, based upon all available inform-
ation we may find that excess temperatures, resulting from.waste
heat, may have dissipated before another slug of heat is received.
Presumably, under these conditions, critical temperatures may never
be reached. of course, individual discharges may cause limiting
conditions to be exceeded thereby requiring discharges to be cooled
or otherwise treated.

(4) Considering new or improved uses of the stream.

The potentials of the stream as a new or improved

fishery must be considered. This was the governing factor in the
final Vermont order previously discussed. In this regard, the im-
portance of such decisions must be emphasized., Should a far reaching
proposal, calling for the reintroduction of certain types of fish, exist

then it is of utmost importance that the reality of such reintroductions
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be determined, Similarly, the goals of water quality improvement
must be considered,
(5} Analyzing proposed regula.tions;
Tentative regulations should be advanced (a) to serve
as a basis for discussion and (b) to arouse constructive criticism.
Evaluations may point out areaé needing further investigation or

suggest areas not previously considered.

1.4 ALTERNATE MEANS OF DISPOSING OF WASTE HEAT

Several obvious facts must be reviewed in order to emphasize
that the future direction with regard to the use of the natural environ-
ment is quite clear, First, few people are willing to do without elec-
tricity in order to return stream environments to their former natural
states. | In addition, it has been shown that population and industrial
growth will continpe to proceed at even more rapid rates than in the
pa‘st.. It is clearly understood that this will in turn produce even
greater demands for electric power. The result is an ever growing
number of electric power generators, with their consequent discharge
of waste heat. To avoid further damaging the stream environment future
technology must be successful in one of three ways, (1) Produce elec-
tricity in a way that there is at least a reduced thermal load being
released to the aciuatic environment, or {2) find ways to efficiently
dissipate the waste heat to the atmosphere, or (3) find ways to con~-

structively use the wasgte energy., Cootner & L‘o’fM) concluded that the
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first alternative is not likely in the forseeable future. The second
possible approach will be discussed in this section and the last
approach in the following section.

Until recently, power needs did not cause much stress to the
surrounding environment and so the waste heat was most economically
disposed of by discharging it directly to the stream or other water
body. Now that the amounts of waste heat have increased so much,
many stream capacities to dissipate the waste heat have or soon will
be ‘exceeded.

In some cases, where capacities have been exceeded, with no
attempt to curtail further use as a heat dump, the stream environment
has been greatly damaged. Ignorance of the situation is probably
much to blame, But no longer is this the case, It is understood that
some alternative means of disposing of waste heat must be derived,

In this regard, a discussion of different methods which have been

utilized will be valuable.

1.4,1 COOLING PONDS

One alternative to the use of a stream is the use of a cooling

‘pond. MAany reports have indicated successful use of ponds and

much theoretical work and ;‘zl.nalysié have been carried out to aid their
design, Of course, a prerequisite to the use of cooling ponds is either
the existence of a natural pond or sufficient land area for its construc~
tion. Their use may be prohibited if either the land is not available

or if it is not the most economical alternative to purchase it.
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For many years power plants in water~-short areas have de-
pended on ponds and lakes for their entire condensing water supply.
Ponds have also served as a buffer between a plant discharge and
receiving water,

Several noteworthy contributions dealing with underlying theory,
design, and analysis of cooling ponds will be reviewed., One of the
earliest reports by D. P. Lima(S) entitled, '"Pond Coholing by Surface
Evaporation'' is an analysis of the behavior of existing ponds, His
results permit the prediction of pond temperatures under given con-
ditions., A similar report by N. Lamb(6) entitled, ."Power Station
Cooling Ponds' delves into the behavior of a pond under varying con-
ditions and ultimately presents performance curves which the author
suggests can be used directlir for the design of ponds which will be
located in areas with similar weather conditions. Still another report
entitled '"How to Predict Lake Cooling Action' by R. F. Thorne, (7)
presents the results of a 25~year study showing how lakes behave under
varying heat loads, winds, and air temperature, The three reports
here mentioned are probably the best existing aids to future designs.
All present very valuable general information to form a basis for
preliminary investigations aé well as final designs, Typical behavior
or design curves, which these works yielded, include those shown in
figures 1. 8, 1.9, 1.10,

(8)

In the papér by Cotter and Lotz concerned with cooling pond

design several important considerations necessary to a design are
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discussed. The se include pond depth, separation of intake and dis-
charge, depth of intake structure and inflow or make-up water supply.
Several southwest power plants utilizing cooling ponds are reviewed
in light of these design criteria. A conclusion drawn by' these writers
and one which must be emphasized, is that although many formulas and
design aids have been developed foz; cooling pond design, these can be
viewed only as a guide for the estimation of pond size and expected tempera-
ture rise. Judgements based on past pond design experience or from
careful analysis of designs and resulting performance are invaluable
when assessing designs to determine the most efficient.

Another investigation of cooling ponds in general was carried
out by Edinger and Geyer, (9) Their results are reported in a work
entitled *Heat Exchange in the. Environment. " In review, cooling
ponds are classified, on f:he basis of temperature distribution and
circulation pattern., The classifications are (1) completely mixed
ponds, (2) flow through ponds, and (3) internally circulating ponds,
Characteristics such as pond geometry, location of plant intake and
discharge, rate of pumping, and effects of wind mixing all influence
the circulations and temperature patterns which may be expected.

The completely mixed pond is characterized by a rather uniform tem-
perature throughout the pond and no distinct circulation patterns,

The flow-through ponds are characterized by a condition which
may be created either by the geometry of the pond or by a wall system

dividing the pond and which requires that the inflow take an extended
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path to the discharge. Such an arrangement eliminates short
circuiting of the inflow and effectively establishes the circulation
patterns, There is a definite temperature graciient which parallels
the path of flow through the pond, |

The internally circulating ponds are characterized by a more
complex temperature pattern than is exhibited in either of the first
two classes. Basically it is assumed that little or no mixing occurs
between the warm lighter surface water from the discharge and the
bottom water. In other words, there a.reltwo distinct.density current
flows. A cooling water intake would be so located as to utilize the
cooler, density current underflow,

Applying material as developed by Lima, the temperature excess
for each of thé three classifications is given in terms of pond temperature,
T; plant discharge temperature, T,; equilibrium temperature, E; ex-
change coefficient, K; pond area, A; and plant discharge rate, Qp.

For completely mixed ponds:

(T-E) _ 1

(To-E) (1+ry) : 1.1
where:

r, = 860p

62.4 LL1

for the flow-through pond

(TA-E) _ 1

(T, -E)  (I4ry) 1.2
where:

TA = the pond temperature at an area A, square feet from
the plant discharge in the general direction of flow.
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The basic relation, in the case of the internally circulating pond,
is modified to consider the difference in time available for cooling as
a function of undetermined interchange between surface and bottom flows,

The time available for cooling in a flow-through pond is given by

Vi Al d
tc:— = 1.3
Qp Qp

where,
te = the time avaiiable for cooling in the flow through pond
Vy = mean volume of the pond
Qp = mean flows rate to and from pond
Aj = area of pond
d; = mean depth of the pond

and for internally circulated pond by

t' | S
c
1.4
QP
where,
t'C = the time available for cooling in the internally circulating
' pond

m = some fraction of the mean depth occupied by the outflow
from the plant

Ay, dl’ Qp as previously defined.

The results of this work when used in conjunction with the pre-
vious works mentioned, will supply a very effective means of design-
ing cooling ponds either as a main source of condenser water or as a

buffer between plant discharge and receiving water.
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1.4.2 COQOLING TOWERS

A second alternative is the use cooling towers which again may
be the prime source of condenser water or only a buffer between plant
discharge and receiving water,

The application of cooling towers, until recently, has heen con-
fined to those installations inaccessible to rivers or other large bodies
of water, Now, in light of the strained thermal conditions which are
found to exist in many streams of the Eastern United States, and
recognizing that in this same area cooling ponds are not a feasible
solution, the cooling tower has become one of the only means remain-
ing which will successfully combat thermal pollution, Also encourag-
ing further use of cooling towers has been the fact that they are
economically attractive when considering high site costs, heavy trans-
mission~line charges, and increased fuel transportation costs. The
earliest industrial cooling tower employed widely was the natural
draft tower. This type relies on natural circulation of air, the cooling
medium,. The towers are comparatively. tall structures, resulting in
high pumping costs of circulating water. Water loss is high, requiring
continual make-up and often created considerable maintenance on
sﬁrrounding equipment, Further, .performance of the early towers
was entirely dependent upon wind and atmespheric conditions.

Forced draft or mechanical draft towers, on the other hand, pass
air at a known rate, facilitating better pe rfor_mance prediction. The
stfucture is much smaller thus reducing pumping costs but now fan

operation costs must be included.
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Finally, 'the :'gnduced‘-d,raft to‘wer‘ was developed which consisted
bésically of a large-diameter.fan of high caiaacity located above the
circulating water section. This system afforded better control and
f)erformance but is found to be mor§ expensive to operaté due to _sevez.'al
facts, It is now required to pump hot air rather than cold, in other
words, greater volumes of air are moved, and the mechanical equip~
ment is less accessible.

In the past few years, the hyperbolic natural draft cooling tower
has gained prominence in the field, replacing the mechanical draft
tower. This type is well known in many European céuntries, while it
was not until 1962 that the U. S, saw its first, The most obvious
objection to the tower is its cost, both capital costs and increased
plant operating costs. A typical natural draft "wet™ tower for a
1000 MW nuclear unit may cost up to $10 million, according to
Richards. 19 1n spite of this, the British Electric Authority has in-
stalled a large number of such tewers in stations throughout England,
E.E. Goitein(u) sights many factors which make this design attractive.

Other objections may rise out of tower appearance and size,
Although esthetically proportioned, they may be as largé as 370
feet high and 380 feet in diameter, as are the towers for the Fort
Martin Station of the Allegheny Fower System, the largest in the
world.

The final major objection to cooling towers is the fog problem

which can be undesirable in many areas under certain humidity conditions.
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Under appropriate conditions a vapor plume rising several hundred
feet above the top of the tower ahd miles in length could cause hazard-
ous conditions upon falling and f.reezing.l A. D. Conv_re_rse(lz), in an
investigation of possible fog conditions which could be expected to
exist at the Ver.r'l,on, Vermont Nuclear r,*lémt site, presents a good
method for approaching such an analysis.

In spite of these many objections the use of hyperbolic natural
draft cooling towers is gaining momentum, because, basically, it-is
the most economical.to operate,

A very comprehensive presentation regarding the selection and
application of cooling towers is mady by Goitein. The paper is
intended to assist lthose who are finding it necessary to employ
cooling facilities for the first time. General considerations, guides
and examples are presented which will now be reviewed,

According to Goitein the paper has a twofold purpose.

(1) To discuss the more important factors concerning the
economic application of cooling towers in steam power plants.

{2) To discuss the selection of the cooling tower for a
given set of plant requirements.

In a majority of caées the cooling tower is employed
when an existing generating station is expanded and the water
flow in the river is not sufficient to provide the necessary
condenser circulating water during the summer months., Ex-

panding an existing station is in many instances more
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economicai than building a new generating station at a new site whose
only advantage is the availability of a natural source of circulating
water,
Gausmann(l3) discusses many of the aspects to be considered
in balancing -the feasibility of expanding an existing station located on
a river by providing a cooling tower for summer service versus
building a new station on another river location,
For a new plant on a new site the considerations included:
(a) Basic capital cost
(b} Increasing the transmission line length
(ci Possible higher fuel C(.)sts,
while considerations on adding to an existing facility include:
{a) Use of existing facilities
(bj Partial use of existing fuel handling facilities
(¢} Use of existing land for plant and transmission right
of way
{d) Partial use of transmission facilities
-(ei Limiting supervisory and maintenance personnel
.(ﬂ' Eliminatic‘)n of any incfease in transmission losses,
Goitein ‘discusses further the fundamental economic aspects and
.variables for obtaining the optimum cooling tower size. Also, design
requirements are established and thfs Cooling Tower Institqte specifi~

cations are reviewed. The last section of his paper is dedicated to the
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determination of tower size. Included are many design curves and
equations necessary to determine the character istics of the optimum
tower,

Schematic diagrams of the different towers discussed are

shown in Figures 1,11, 1.12, 1,13, 1,14,

l.4.3 FLOW AUGMENTATION

Another way by which the effects of artificial heat discharges
to streams may be abated is that ofrreregu]ating flows to facilitate
augmentation during periods of natural low flow and high temperature,
It is assumed that increased river flows at these times will reduce
temperature locally by dilution, to the benefit of temperatures in the
other downstrleam reaches.

The basic function of reservoirs has usually been t6 regulate
flows in a basin for the purposes of flood control, municipal and in-
dustrial water supply, fish and wildlife enhancement, recreation, or
water quality control. It has been recognized, now, that a possible
additional function of any proposed development is the control and
enhancement of stream water tem_peratures. This is, of course, a
result, in part, of the new understanding of the temperature as an
importé.nt water quality parameter,

An essential part of a comprehensive study now being undertaken
for the development of the Connecticut River Basin's water resources

is an understanding of the temperature environment., Central to the
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plan of development envisioned by the U. S. Army, Corps of Engineers,
the agency responsible for the study, are numerous reservoirs to Le
located on major tributaries. In just what way these reservoirs are
capable of influencing and controlling downstream temperatures, if
they can at alil, cann.ot be determined without a specific investigation

of the proposed facilities and the river basin, in general, To date

no method has been derived for the design of reservoir systems to

optimize their effects on temperature and to meet predeteriined

temperature limits in downstream reaches. The only work of hélp
in this reéa-rd has been the analysis of existing reservoirs and their
effect on do{vnstream temperatures.

Several good discussions regarding the effect of run-of-the-
river impoundments are available,

Jaske and Goebel(M)_ present the results of a study which attempts
to analyze the effect of dam construction on temperatures of the Colum-~
bia River. To establish a datum they analyzed U. S, G. S, temperature
data for the period October 1933 -~ October 1954 using routine statistical
methods. An essential need stressed in this paper and similarly em-
phasized by this writer, is for reliable data, without which all work
must be viewed with caution. In this regard they suggest that a
national standard for the reporting of temperature data can be estab-

lished possibly under the dirvection of such organizations as the AWWA

or the USGS.
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Their conclusions indicate that the erection of low~head reser-

voirs did not produce significant change in the average temperature
of the river, however, they did decrease expected variance in the
v./ater temperatures. In certain locations, however, it was noted
that releases lowered temperatures by as much as 2 to almost 4
degrees F, Other studies by Jaske on the Columbia concluded,
that the overall effect of impoundments on the main stream caused
increases in temperature estimated to be from I to 3 degrees F. for each
major structure, Obviously, there is not much consistency of opinion,
indicating that the results of studies are needed.

Another report by Churchill(15)

reviews the effects of TVA storage
reservoirs on downstream temperatures in the Clinch River, a tribu-
tary of the Tennessee River. Numerous water temperature profiles
are presented which vividly describe the effects of reservoirs. His
conclusions indicate that the impoundments have a defiﬁite effect upon
stream water temperatures., Significantly large reductions in mean
stream water temperature with accompanying reductions in variance
are reported,

These studies have only been possible when data describing
temperature regimes béfore reservolr construction were available, and
have indicated that a very desirable resuit is possible. For example,

Churchill found that if water is relcased throug-h low-level outlets in a

dam, sionificant effects on downstream water temperatures result
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&uring the summe_x; months, ‘.‘His paper. p'.re_sents‘daté. oblse-:.rv.éd in, and
downstrea'm:‘_f'rom ,'.the se impoundmeﬁts that ha_{re been collected over
a period of é.ppro'ximately' 26 ye-ar;?..

Similérly, in the Columbia River studies it was concluded
that the temperature may be .re'gulated. successfully by the proper
operation of the reservoirs,

It is often difficult to apply findingsof such studies to other areas
because, as reminded by Jaske, there is danger of excessive general-
izations. All toe often there is a tendency to take the experience of one
particular region and to immediately apply it to any éituation. As an
example of the dangers existing, Northv;/est studies have concluded
that reservoirs constructed on streams tend to raise the overall mean
temperature while in the Southeast temperatures are lowered. With
this in mind, it might be concluded that there is then, no information
which would directly a;pply to the Northeast drea because no studies have
been carried out. Consequently, until such data is collected which is
applicable, attempts to evaluate reservoir effects must be based upon
assumption or estimation, |

The results of this investigation when used in conjunction with
work presently being carried out on reservoir stratification (by
Harleman and others) will yield methods Which will enable the complete
analysis of températures of river systems. For, once an understanding
of thermal stratification in reservpirs is at hand, outlet works

can be properly located to take advantage of the coclest waters, This
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will ultimately lead to the capability of predicting discharge tempera-
tures. When these ﬁethods are usled together with techniques being
sirmultaneously developed to predict the cha:nge in temperature in
downstream reaches, then the needs of desigﬁ and analytic method-

ology will have been fulfilled.

1.4,4 HYBRID COOLING SYSTEMS

Prebably the rﬁost economical and efficient means of disposing
of waste heat is through the use of hybrid cooling systems., Basically,
such a system is made up of several or all of the methods previously
reviewed, e.g., cooling pon&s, cooling towers, and augmerﬁ:ed stream
flow. In thé discussion of the individual components it was suggested
that they lrnilght well be used in conjunction with other means described.

Several combinations of components have been utilized and ex-
perimented with. Most popularly employed has been the cooling tower
acting as a buffer between plant and stream. This arrangement is
shown SChematiéally in Figure 1.15. Cooling ponds have been
similarly used. Also, both have been used as the sole supply of
cooling water with make-up coming from a stream or municipal
supply. A tower supply system is shown in Figure 1,16. Such an
arrangement comes into being when no other choice is available or
law will not allow discharges. Finally, ponds and towers have been

used together as a buffer or as a sole source of cooling watex,

Lamb, in his discussion of cooling ponds describes the use
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of mechanical cooling devices successfully incorporated into the
system. An arrangement similar to the one he investigated is shown
in Figure 1.17.

1.5 POSSIBLE CONSTRUCTIVE USES OF WASTE HEAT

Another direction exists concerning the problem of discarding
vast quantities of waste heat that was not touched upon in the previous
section,

Opposed to designing methodé of disposing of waste'h'eat is the
possibility of fihding new wavys to redirect and use it. Rather than
allowing those vast guantities of thermal énergy to go undirected into
natural environments, the goal is to create systems that will take
advantage of gnd use this energy.

The question that remains then is, what type of system might
take advanfage of this waste 'ene.rgy which is upsetting natural environ-
mental ba;lances? It has .be'en suggested most recentl;y by J. A.
Mihursky(16), thz.it properly designed systems could take advantage
of waste calories and make them biologically useful. Biological systems
have b-een'used to alter or convert waste materials and are widely |
accepted technigue. However, these systems are relatively simple and most
serve only a single purpoée. A sewage tfeatment plant is such a sys-
tem, as it.ésta_blishes an environment which allows waste materials
to break down into harmless wastes which then can be released to the

environment, Many other examples of similar systems are available.

The géal, to be emphasizéd, is one of creating a more elaborate
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e.c'osyéfern which mightlconverf wagte nh_a,t_exials a.nn_:i energies into
- food stuffs, for example,

Recyling systems which facilitate the creation of closed systems
capable of using its own wastes have been of foremost concern among
ecologists. Imaginative thinking amoﬁg pollution ecologiété has
suggested .closed system designs Which take advantage of organic
wastes to provide necessary nutrients while waste héat from steam
electric installations provide optimal temperature ranges for
maximum biological activity and production.

H, T. Odum an describes the task in very sirnpile but effective
terms, "Components must be selected from the world's stock shelves,
and combined into new circuits within the master circuit of the environ-
ment'', Much work remains to determine what life forms can work
efficiently together in forming these new ecosystems or food chains
which will biologically convert available waste energy into valuable
materials or food stuffs, One area which must be given immediate
attention by ecologists is that of understanding energy flow in relation
to population diversity and structure within man-made ecosystems,
The question raised most often asks: "does a simple or complex
pqpulation p‘rodt_lce the most efficient ecosystem in terms of energf
co.ﬁversion. " .Answers to this, among other questions méy bring
closer to reality the cfeation of such ecosys_tem; and a.possible

solution to the problem of waste heat disposal.
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Mechanical systems might also serve as one means of returning
to h-ea,t balance in nature once again. Several direct uses of waste
heat have been adopted and have been of moderate sﬁccess. One
instance has been the use of waste heat from steam electric stations
to heat large apartment blocks., Understandable limitations have
been recognized regarding the transmission of the heated water, the
cost of piping being most often the governing factor. The system has
been used in England where it was shown that it can only be applied
economically when there is a sufficiently high population density. Of
course, it must be recognized that the needs of the potential heat
users are seasonally out of phase with those of the heat disposer.
Therefore, the economic justification of a distribution system would
have to be based solely upon revenues from the sale of heat whic;h
‘could otherwise be disposed of at virtually no cost. This use .of
waste heat, then, may or may not have application with regard to the
original problem.

Another application that has not as yet been pursued is the
direct use of steam {rom a nuclear power plant to desalinate water.
Such arrangements have been employed except that the steam to be
used in the desalination process was ac.c.ounted forlin the original
design of the steam generators. Gonceivably, the system could be
designed so that only the heat wﬁich would btherwise be wasted would

be used in the sea-water conversion operation,
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1.6 PREVIOUS RESEARCH EFFORTS CONCERNED WITH THE
ENGINEERING ASPECTS OF THE WASTE HEAT PROBLEM

In order .to view in pro;'rer perspectiv—e the events which have

lead to the present state of knowledge, si:udies concerned with heat
dissipation from streams will be reviewed in chronological ordér.
Each of thése works haé confribute_d to the solution of various aspects
of the total problem _and none .can be ignored if a truly corﬁpreh’ensive
study is being undertaken. This review will only outline the'c_onl;ent
of eéch study, indiéa.ting the particular areas which ﬁltimately con-
tribute to a fuller understanding of temperature dis.“tribution and dis-

- persion within stream environments.l A r'evi'ew‘o_f these con-tri_hu'tions'
is prerequisite to the unde.rtaking-oi a ‘thérmal study.

The earliest notable contnbutlon was made in 1946 by M, Le-
Bosquet, Jr. (l 8) His studies of water temperatures and their effect on
water requireménts for dilutién of residual organic pollutants foIl-owing.
various treatment processes led to the development of a temperature
formula. This formula enabled the determinatiqn of necessary
flows as a function of temperature and other water quality criteria.

His derivation also results in an equation, which after having evaluated
certain parameters, enables computatiéné of expected temperatures
under new copditions.

F'inal conclusions concern the,éeveral benefits of increased stream
flow to cooling water use. An obvious benefit is that the same amount

of heat raises the temperature of a larger volume of water to a lesser
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degree, This assumes of course that mixing takes place with the
a.ddit_ional flow. A se-coﬁd benefit is that the amount of recirculated
water is réduced. Increases in flow rﬁay benefit conditions. in the
immediate area while downstream users may not benefit, Under
circumstances of increased flow Vit mé.y be found that the heat load
may notlha.ve time to dissipate to the atmosphere before it reaches
other downstream points. This results from a reduction in the
time-of-travel upon increasing flows.

The financial benefit of reducing stream temperatures by increased
flows, in itself, will not be sufficient to justify the cost of an impound-
ment. It will, however, be justified'if it is considered another function
of a multiple purpose project.

The U. S. Geological Survey's work at Laké Hefner{19) on water
loss investigations represents the most thorough study of evaporation
from reservoirs to date. Their results are believed to l_ye likewise
applicable to flowing stream water surfaces with only slight modifica-
tion. The USGS studies centered. around the investigation of four
basic methods for determining evaporation, These included the
energy budget, mass transfer, water budget, and evaporation pan
methods. Their work on the energy budget method yielded theoretical
foundati;)ns which formed a starting point for the works which followed.
The various mechanisms operating to alter the energy content were
analyzed in detail - in such detail that it is difficult to extend or im-

prove their theeretical work, Included in this theoretical work are



R

52
discussions of solar radiation, reflection of shortwave ra.dia.tion,
effective back radiation, radiation from clear & cloudy skies, ad-
vected energy, cdnductiv,e and evapo;qti{ve energy. The Geological
Survey's work 1s discﬁééed fu:the;- in sections to follow.

Harbeck androthers(zo)describe—d their studies at Laké Colerado

City, Texas, in which they devised means for predicting the increased

evaporation and temperature, which resulted from the a.d;lition of
heat from a power plant. This work followed ciose;y the directions
established by the Lake Hefner studies utilizing the various budget
methods of analysis, |
Gameson, Hall and rreddy!?D studied the effects of heated dis-

charges on the temperature of the Thames Estuary., Their basic

premiseﬁ, and one which is emphasized by this writer, is that a knowledge

- of the rate of exchange of heat between the water and the air is re-
. quired before the effects produced by a new power plant installation

. or by changes in the 'discharge"of‘ heat from existing stations can be

calculated. Their work included statistical studies of daily air and

~ water temperatures, the measurement of estuary water temperatures,

estimation of temperatures under natural conditioﬁs, a survey of heat
entry rates into the estuary, calculation of excess heat dissipation
rates, and forecasfing temperature patterns for unit inputs of heat

at various points in the estuary. They util_ize the idea. of a proprotion-
ality constant suggested by LeBosquet when equating the total rate of

heat entry to the total rate of loss of excess heat.
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Ancther valuable contribution was that made by Velz and

{22)

Gannon. Their application of statistical methods to the analysis of
meteorologic and hydrologic parameters represents an example of
which should be followed. Attempts to forecast the heat loss from
streams necessitates a probability analglrsis of events which influence
water temperature. Upon developing the basic heat budget relation-
ships they apply all the foregoing when determining pond and river
water temperatures. Their conclusions underlie one of the hy-
pothesises of this presentation, Basically, they reason that with a
rational method of forecasting expected water temperature patterns,
it is possible to evaluate the potential temperature effect of proposed

| facilities utilizing stream water, They also indicate that this will

aid in site selection for steam electric power .plants.
| Raphael, (2 3)'1n la paper entitled "Prediction of Temperature in

Riv_érs and Resex"voirsl" discussed for the most part the various com-

‘ponents of the well knoﬁvn energy budget relationship. He includes
more detail in several areas than was presented in previcus work,
Also described is a numerical procedure. for determining temperature
changes over ‘ﬁnite ipter’vals. This last section is onlsr a'brief pr'e-
senfation which :i;s supplimer_xté_d' in sections of this pa..perr to follow.

A committee;‘eporf froin Johns Hopkins University eﬁtitléd
“Heat Dissipation in Flowing Strearﬁs"w% provides a coﬁuprehehsive re-

view of the environmental heat exchange mechanisms, Also valuable
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N :dis-cgssi(:)rys.df in- sfrgam texfnéerature equalization by turbul'eﬁt
‘d-if:fu-sibn and exponential dec'ay of stream tempefature are'ii;dluded.
) "I‘he. ren;;ainder of the p‘res.ent_a_tltio.n is concernéd with a rivér rstudy.;
which c‘.gn'f.i':r_n.s or denies the impre‘ssions gained from réview of
the .theb_ry..' A procedure for data analysis is presented along with
a se.ctiéz;i c-once.:rned with the application of analyfical methods,
'F;ina.l.ly, twc; areas po-t discussed by e'arlief investigat'ors; ﬁa.mely
field surveys and instrumentation are covered briefly.

25)

buttweiler,( one of the committee members of the previously
reviewed work, then proceeded to invesfiga.—te_ the exg;onenti_al decay
-of e:;:cess stream temperatures and developed‘a mathematical model
bé.sed on this céncept. ‘Duttweiler in&oduces a new c.oncept of a
temperature input fﬁnction which is given as a functioﬁ of observable
climatological variables, The model is given a limited test Which
showed it to be useful in estimating temperatures below heated dis-
charges and below the reledse of stored water in low-flow augmentation,
A conclusion which has appeared in many other writings emphasizes
t1;1e difficulty of data céllection and consequently the shortage of such
data. This is a serious handicap to successful temperature prediction,
E&ingef_, :a.ﬁd Geye-r(z'{)) in their cooling wéter stuaies for the Ediéon
Electric 'Ins-ti_t‘ute entitled ”Heaf Exchange in the Enviroﬁment. " pre-
'seﬁt a Co_llectioﬁ of info.rmation and idfeasuWh‘ic:h was the most com-

prehensive in its day. . They devélop a heat exchange equation which is
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.r‘earrar_xged to produce a te.rhperé;tufe_equ;tidn, A sfu,dy of aﬁpower
pla.'n't.dis.cilla.rge. necessitated the_‘discus sion of dalté. reductioﬁ tech-;
niques ultimately aiding in the analysis of heat distribﬁtioris’. Their
-finldings are appliéd most ini;érestin_gly to Ar"i-vers‘ and streams,

P‘ritc'hal_:-d and Car'ter(Z?) inveéi:igate the problem of ;.).r'edicting the
probkable distribution of éxcess .terhp.era,t.ur,e from a heated disrch‘a'.rgé
in an estuary., A specific case is investigated but the autho'r's contend
-tha.t the techniciues desérii)ed have general application. In that,
température distributions within an estuary, where greater mixing
due to tidal action, are sought, a major pqrtion of the writing
is concerned with dispersion both in field‘.studi_e's and theory'l. Their |
work on .the dispersion of heated effluents is c-'erta.inly the most corﬁplete

to date.



CHAPTER II
THEORETICAL BACKGROUND

2.1 THE NATURAL THERMAL LOAD

rAll nai_:uial heat in streams‘c‘omes direét—l?- or indirectly from"
the radianf: energy of fhe sun, The effect of solar radiation is illﬁs.—
trated b.y the fact that the.temperature of rivers will rise several de-
greeé from mornin'g to afternocon depending on the amount of cloud
cover,

- The incoming solat radiation is short-wave radiation varying
from .14 to 4. 0 microns, (peak intensity at. 5 microns) which
passes directly from the sun to the earth's surface. The amount of
solar radiation striking a given body of water depends upon the alti-
tude of the sun, geographical locationA (latfu:ude on the earth), time
of day, the season of the year,. cloud cover, shading, and quantity
of inéir-e.ct solar radiation. The amountrof_srhort wave radiation
reai_ching the water b-ody also depends upon the amount of water
vapor énd particulate ma.tfer in the atmosphere. Ex’pe_rier;ce has
shown that it is more easily measured than computed. | A f)yi'heli—
.orr;ete;', Whit'h is an iqstrqmen‘t that re_rsponds oniy' to shért wave
.;adiation,' is used for its meé.s?irement.

Atm'osp‘fxeric‘ radiation is longwave radiation, varying from
4, 0.to 120 fn’i,crbns, (pga.k inténsity at 10 microns) which passes
from gases in the atmosphere. This type of radiation does not

follow a sirhple_ia.w. 1t is a function of many variable, notably

56
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the diatributio.n of moisture, temperature, ozone, and carbon dioxide.
Longwq?.ve radiation may be estimated by use of empirical formulae
which accounts for some of the above variables. Of the several
formulas, Brunt's -is'one receiving most attention, The formula for
determining radiation from a clear sky appeared as follows:

Q, = Ta40" (a.+b(ea)1/2) 2.1

where, Qa = The atmospheric radiation from a clear sky

¢ = Stefan-Boltzmann constant

Ta = Absolute temperature of the air
a, b= empirical constants
€a = the vapor pressure of air near the ground.
This formula attempts to relate atmospheric radiation to the
| local vapor pressure while it should be related to the total vapor
content of the atrnoéphere, the content of various gases and pos-
sibly 0:therl unknown factors, It muét be understood then that this
empirical relation gives only é.verage. evaluations of atmospheric
radiation. Various series of measurements fitted to Brunt's
formula gave '"a" values from 0. 34 to 0. 62 and gave ''b" values
from 0. 029 to O.“ 082. This is an indication of the approximate-
' neé_s'. of thé -'for'lm-ulé.tion.. |
If there is cloud cgver, atmospheric radiation is gfeatly |
| in'c:rea,séd.-. . Inv’eét-iga.tiohs (19) have yielded _resu.lts in the following

fornm:
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.Qaﬁe=Ta4'(1.-t\)+Qaf\.‘ . 22
where, o Qac= -atrnospheric radiation from é,n overcast sky
Ta = absolute temperature of the air
¢ = Stefan- Boltzmann constant
)‘\7 = empirical coefficient which is a function of
cloud height
Qa = the atmospheric radiation froin a ciear sky.

Experience has shown that for short intervals, and for times
when clouds are present, it is nécessary to measure atmospheric
radiation directly. However, it has also proved possible to evaluate
from empirical relations the atmospheric radiation received from a
clear sky over a long period of time.

Reflected solar and atmospheric radiation must also be evaluated
when attempting to find the net energy input to the water body. Solar
reflectivity, the -ratio of reflected radiation to incident radiation is
more variable than the atmospheric reflectivity. The first is a func-
tion of the sun's altitude and the type and amount of cloud cover, while
the last is relatively constant. These reflectivity values are used to
determine the net incoming solar and atmospheric radiation. On
striking a water surface, a portion of the light is ?eflected—as much
as 35percent, depending upon the angle of incidence, (2)

Light penetrating the water is absorbed at different depths depending
on the amount of suspended and dissolved substances in the water and

the wavelength of the light, The longer wave lengths (infrared, red
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‘and orange), and the shorter wavelengths '(ulltra~vio‘1'<at,_ blue and

viélét} afe .absorbed more quicl;i? than the middle range wéj}é
leﬁgths o;_‘ greén é.ndjreiloiv. In tiqe first 3 feet of dépth as fnuch as
50 percent of the total 1nc1?1ent hght rﬁay be absorbed Where it is
transfo.rmed into hea.t (28)

' ,"Heat is also received indirectly by the éolar' heating of water-
sheds, which in turn warm the rain fhat fails on them. The addition
of heat from this source is only minor but it should be recognized

before being neglected. With watersheds being altered to much’

greater extents, run-off temperatures are influenced more by land

. temperatures. This is true for irrigated lands where water in

ditches is heated by the sun‘l. Run-off from paved areas such as high-
ways and parking lots is becoming a larger proportion of the total
run-off, of course at this point it is still negligable. On the other
hand the specific heat of earth and rock is only one fifth that of water
indicating that water flowing over the ground cannot pick up that
much heat. Also there would be a la,r.ger wetted surface area exposed
to the air resulting in a higher rate of evaporation aﬁd in increase in
the rate of heat dissipation. Of course, these rates depend upon the
air-water temperature difference and the dew point of the air, both
of which vary from point to point, These considerations point out

the complexity of determining the net increase in the natural thermal
10#& of streams. In the final analysis these contributions must be

ignored,
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2.2 THE ARTIFICIAL THERMAL LOAD

The artificial thermal load is directly attributable to many muni-
cipal and industrial processes. Although steam power plants and
certain industries are major contributors to thermal pollution, all
industrial activityrcontributes to some degree, Steam generation and
cooling are unique water uses in that they are required in almost every
Iindustry. The total water intake of both industrial manufacturing
plants and investor-owned thermal electric utilities was approximately

48, 900 billion gallons during 1964, %%

About 90, 4 percent of

44, 234 billion gallons per year (bgy) of all intake water was used for
cooling or condensing purposes. It is estimated that 57,285 bgy

will be used in 1970. This figure may be substantially larger in light
of the fact that 1964 eatimates were placed at 40,670 bgy as to the
44, 234 bgy measured. It is estimated that recirculation in these
plants is 5, 815 bgy, so that one-through cooling required 34, 849 bgy.
These figures do not include water used in public owned steam gen-
eration plants for which no data were available. |

The total water quantities used for single-pass cooling for 1964

are summarized in the following table,

Use - Water Quantities, bgy
Industrial- Steam Electric Generation= 2, 856
- Other = ' 6,529
Commercial Power . = 34, 849
44, 234

#{ The data on this and the two followi'ng pages are from reference 29)
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A further breakdown of these water quantities can be made by
identifying the water as fresh or brackish.

Water Quantities, bgy

Industrial Comm. Power Total
Fresh 6, 549 23,104 29,653
Brackish 2,836 11,745 14, 581
Totals 9, 385 34, 849 44, 234

Water used for processing, including water coming into contact with
the product as steam or as coolant, amounted to only 7.6 percent
{3, 700 bgy) of the total water intake. The remaining 2.0 percent
{959 bgy) was uéed for boiler-feed water.

Brackish water, water containing more than 1000 mg/] dissolved
solids, amounted to nearly 30 percent(l4, 600 bgy) of the total intake
(34, 300 bgy) was surface water delivered by company-owned water
systems. Nearly all of the fresh water intake used for cooling or
condensing purposes (29,653 bgy) is dischargéd to streams and
rivers.

It is pertinent to note the rapid rate of increase in the generation
of thermal-electric power in the United States during the period
from 1945 to 1965. (Figﬁre 2.1) Most worthy of our attention is a
consideration of the predicted trends in thermal-electric power

development, As presented for the period 1965-1985 by Ritchings,

2 startling need and growth is foreseen. During this twenty year
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period, a time span, which is less than half of the avei;age man's
working years, the U. S. electric utility generating capacity will in-
crease 260 percent, from about 235, 000 to about 850, 000 MW,

The electric utility energy generated will increase 250 percent,
from about 1050 té 3700 billion KWH/year.

Electric utility energy requirements per capita will increase 150
percent, from about 5500 to about 13, 500 KWH/year. At the same
time, our population will increase by less than 35 pei‘cent, from 195
million to 2_,65 million people.

Specific data has been gathered which establishes the predicted

(30)

needs of the Connecticut River Basin. It is estimated that in the
period 1965 to 2000 the power needs of the basin will increase 330 per-
cent from 1, 740 MW to 7,500 MW (Figure 2.2), This growth will be
necessitated by a population growth of about 90 percent from 1.6 to 3
millicn in association with an increase in per capita usage of 93 per-
cent from 1.5 to 2. 9 KW (Figure 2.3). Another significant factor,
concerning the use of cooling water by thermal-electric plants, is the
trend toward larger individual power generating stations, Many
factors are responsible for this trend. Efficiency of operation, of
course is the prime reason. Also, the addition of generating plants
on a utility company pool instead of on an individual company basis

will accelerate the trend to larger units. The utility industry will

install the largest units that the manufacturing industry can provide.
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Manufacturers indicate that units will increase steadily in size to
about 3000 MW in 1984, (Figure 2.4) Such high capacity plants re-
quire large quantities of water for condenser cooling. It has been
found reasonable to estimate the increase in thermal energy to the
condenser cooling water as approximately 4, 000 BTU for each KWH
of power generated, On this basis, a 500 MW plant operating at full
load will rej:ct about two billion BTU pex héur.

Another point of concern necessary to understanding the trends in
the utility industry is availability of energy sources. In the past,
competing fossil fuels were almost equally available, the choice being
simply one of economics based on fuel price, efficiency and invest-
ment requirements. This has also been true of the choice between
fossil and nuclear energy sources. Today, a new criterion requires
consideration, This is the availability of fuels. So in the final annal-
ysis, pr‘lc-e is secondary; to availability. Taking into account all
factors of availability, probable price levels, and uses for purposes
other than power generation, it is estimated that energy sources for
power generation will be as shown in Figure 2.5, Note that by 1985,
the elecfric energy generaied by nuclear sources will be more than
50 percent greater than the tdté.l electric energy generated by all
soﬁrce's in 1965, This increase is attributable mainly to increased
efficiency both economic as well as mechanical.and thermal.

It has been the understanding of the significance of values of this
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magnitude that has caused recognition of future cooling water require-
ments and the need to safeguard against possible damaging thermal
pollution,

The qq.antities of cooling waters needed by a thermal-electric gen-
erating plant depends not only upon capacity but also upon the intake
temperature of the cooling water sﬁpply and the design of the conden-
sers in operation. A single-pass condenser may have a temperature
rise in the oxrder of 12 degrees F. while a multiple-pass condenser
may have a temperature rise of about 16 degrees F. On the basis of
the above temperature rises, a 500 MW power generating plant
equipped with a single~pass condenser would require approximately
338, 000 gpm or 750 cfs of cooling water. The same plant provided
with multiple -pass condensers would require approximately 250, 000
gpm or 563 cfs of cooling water, These figures are estimated for a
plant using fossil fuel. Based on the present state of technology
{1968) of the nuclear development of electrical power it is found that
the amount of heat rejected to cooling water is about 15 percent
greater than for fossil fuel plants.

The quantities of water required for.a once-through cooling sys-
tem are huge and must be drawn from amply large sources, such as
rivers, lakes, or reservoirs. They are returned to those sources
or other large bodies of water after having passed through heat ex-

- change equipment just once. In recirculating cooling water systems,
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the water withdrawn from the river or lake is small in comparison

with the rate of circulation through the heat transfer equipment.

2.3 DISSIPATION OF THE THERMAL LOAD

Evaporative cooling isr an important factor in the d‘issipa.tion of
heat from surface waters, Each p;)und of water that leaves as water
vapor carries its latent heat of evaporation of 970 BTU, Thus, the
evaporation of one pound of vs;fa.ter will have the theoretical effect of
lowering the temperature of 970 pounds of water 1 degree F. or pro-
portionally more for a smaller volume. KEvaporation is a function of
the water content of the air adjacent to the water surface. When that
layer of air is saturated with water vapor the nef evaporatiqn is zero
because the number of water molecules leaving the water surface is
exactly balanced by the number condensing on the surface.

Wind velocity has an important effect on evaporative cooling
because it can sweep away and replace saturated air with air contain-
ing less vapor. Wind speeds have been measured successfully using
either a cui) or a propellar type anomometer, The reference height
which has been used in past heat budget studies has been twenty-four
feet above the water surface. For lakes and large reseryoirs this
seems satisfactory in that local terrain has little influence on wind
conditions. It appears reasonable to expect that lower reference
heights and more installations will be required along streams and
rivers where high banks, valley walls, adjacent structures, trees

and other growth will influence local wind conditions.
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There are many methods for estimating evaporation, The four
generally accepted methods for computing evaporation are: (1} water
budget; (2) energy budget; {3) mass transfer; and (4) water sﬁrface
to pan relations. These methods wetre originally investigated as an
aid in reservoir design but can be applied to heat loss studies, as here
considered. Very few reliable water budget estimates are available
because small errors in volume of inflow and outflow usually result
in large errors in the regidual evaporation value. The energy budget
approach requires such elaborate instrumentation that it is only -
feasible for special investigations. The mass transfer method re-
quires observations of surface-water temperature, dew point, and
wind movement which are available for only a very few reservoirs,
From a practical point of view, evaporation can most easily be esti-
mated using pan evaporation and related mete 6rologica1 data. There
is, however, no method of measuring evaporation directly, the ‘closest
attempt to a direct measure being the water study. The Lake Hefner
Studies, of the U. S. Geological Survey, were set up explicitly to de-
velop an empirical formulation of evaporation related to meteorolo-
gical variable and utilized the water budget approach as a '"direct"
measure of evaporation., An evaporation formula was developed
which gives the rate of evaporation as proportional to the product of
wind speed and the difference between the value of the saturated water
vapér pressure at the water surface and the water vapor pressure in

the air, The general form of such an equation is:
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Qez(a+b“0( es—ea) 2.3

where,
Qe = heat lost by evaporation, BTU/(sq. ft.)(day)

a,b = coefficients depending on the formula employed

W = wind speed in miles per hour
e, = air vapor pressure in mm - Hg
eg = the saturation vapor pressure of water deter-

mined from the water surface temperature,
These coefficients have been evaluated for different lakes under study.
It is expected that the coefficients would be much different for rivers
and streams than for lakes and might well be dependent on water vel~
ocity and turbulence, particularly in the case of small rivers, Velz

and Gannon(az) suggest a very similar form of the basic equation.

Qe = Cla + bW) (eg - e,) | 2,3.1
For flowing streams of moderate depth and velocity, C may be taken
as'l4, a=1, andb = 0.1, When converfced to units consistent with
previous developments we have:
Qe = 0.00722 A C(l+ 0.1W)(eg - e,) BTU/(hr.)/(sq. ft.) 2,3, 2
The heat lost by evaporation can also be expressed as a function of
the volume of water evaporated, its density and the latent heat of

vaporization of the water at the temperature of the water surface.

This relationship is represented as follows:

Qe = Vo A /e 2.3.3
where,
2
Q, = heat lost by evaporation, BTU/{t /day
Ve = Volume of water evaporated, ft3/ft2/day



A = latent heat of vaporization of evaporated
water BTU/1b

density of evaporated water lbs/ft

]

e
1t can be seen then that the heat loss by evaporation can be deter-
mined once the volume of water is kﬁown. This returns us to the
original problem of determining accurately the evaporated volume.

Heat may also be dissipated from the water body by conduction.
This, of course, assumes that the water is warmer than the adja-
cent air mass. .The transfer of heat theoretically takes place ac-

cording to the following law:

Q. =~-Cp A (dT/dz +¥) | 2.4
where,
Q. = conductive heat loss, BTU/ftz/hr.
Cp = Specific heat of air at constant pressure,
BTU/ (Ib) (degree F)
A = vertical component of eddy conductivity

dT/dz = Temperature gradient of the air, degree F/ft
# = Adiabatic lapse rate,

Efforts Weré made in the Lake Hefner Study (Anderson, 1954) to
evaluate eddy conductivity., It was found that certain of the vari -
ables could not be measured with enough precision so the use of the
above equation was hindered., To overcome this problem, the
technique for estimating conductive heat loss devised by Q. S.

Bowen, 1926, (1)

was employed. It is possible to obtain a knowledge

73
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of the gross magnitude of the conducted heat through use of the
Bowen ratio. The ratio, R, of conducted heat to energy utilized by
evaporation was theoretically related to easily measured quantit;ies.

R was defined as follows:

¢ Patm (Tg - Ta) 2.5
R= :

1000 (eg - )

whére,
R = Bowen Ratio
¢ = a coefficient which ranges from 0, 58 to 0. 66 depending
on atmospheric conditions and surface -roughness,

0. 6l is used for normal atmospheric conditions,

T, = water surface temperature, degrees F
T, = air temperature, degrees F
eg = saturation vapor pressure at the water surface

temperature, millibars?
e, = vapor pressure of the air, millibars
P, = atmospheric pressure, millibars,

The variability of the Bowen Ratio with time, together with the
necessity for making a quantitive estimate of evaporation in order to
fully evaluate heat transfer, established doubt concerning the utility
of the heat budget approach to predict short—ter.m stream tempera-

ture changes.,

*A millibar is a unit of pressure equal to a force of 1. 45 x 10~3 p.8.1i. or

2.05 x 107% in, Hg.
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The expression for the rate of heat conduction can be written

using the general form of the evaporation formula discussed previously.

¢ Patm (Tg- T3) (a2 + bW)

Qc 1000

2.6

Q. = heat lost by conduction
¢, Patm» Ty, Tg: a, b, and W have been defined
previocusly.

Observing this equation it can be seen that when the air tempera-
ture is greater than the water temperature, the sign is negative and the
thermal gradient favors the conduction of heat from the air to the
water. Heat is conducted from the water to the air when the
gradient is in the opposite direction.

Heat energy is also dissipated from the water body by convection,
This is heat carried away by the evaporated water when its mass is
transferred at constant temperature from the liquid to the vapor
state. All of the heat is transferred by the actual evaporation process
and is considered to be part of the latent heat of vaporization, but since
the molecules which are evaporated had some temperature before the
evaporation process began, and since e%raporation takes place at a
constant témperature, the process causes the molecules of water
evaporated to carry sensible heat with them. This amolmt of heat
is a function of the amount of water evaporated, its specific heat,
and _its ambient temperature, measured above an arbitrary base

temperature. Convective heat loss may be represented as follows:
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Qu = (% Vo Cy (T, - Tp) 2.7

where,

Q. = convective heat loss, BTU/(sq. ft.} (hr)

/e

e volume of evaporated water (cu, ft)/(sq ft)(hr)

B

density of evaporated water lbs/(cu. ft.)

<
Wl

Q)
o
1

= specific heat of water, BTU/(lb)/(degrees F)

H
1l

e temperature at which evaporation takes place
degrees F

T}, = arbitrary base temperature, degrees F

It is readily seen that the accuracy with which convective heat
loss may be detetrrmined is directly influenced by the accuracy with
which evaporation may be estimated.

Heat energy may also be advected into or out of a body of water.
It is necessary to study the climatological, hydrological, and geo-
'graphical characteristics of the particular location, These charac-
teristics influence the choice of the most suitable method for measur~
ing.advected energy. It is not possible tb.establish a method that will
apply in all cased, but it is possible to derive certain general principals.

Advected energy is definerd as the enérgy lost or gained by a body
of water through the inflow or outflow of a volume of water. Ad-
vected volumes may result from surfacé inflow, ra.infall, seepage,
bank storage; and controlled outflows. In some situations all these

must be considered, while in other situations some may be neglected.
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2.4 GUIDELINES FOR THE SOI.UTION OF THERMAL PROBLEMS

More and more it will become routine to find included in the de-
sign of industrial cooling systems an analysis of the effect of waste
heat discharges on the surrounding environment, Such analyses are
being included not usually for completeness of design but as a result
of public pressure and demands. Well grounded fears, born out of
ever increasing public awareness of the possible destruction of
natural waterways and recreation areas by excessive amounts of
waste heat have placed a burden upon systems, designs and analysts.

In view of the vast number of analyses which will be necessarily
carried out in the vears to come as well as for the other reasons
previously cited, a'framework of guidelines and criteria will be
established to aid in the solution of thermal problems. These
guidelines will not only point a direction to newcomers but also es-
tablish a uniformity afnong_ solutions - a further aid to subsequent studies.

2.4.1 FRAME WORK OF GUIDELINES TO AlD THE SOLUTION

OF THERMAL PROBLEMS

A. Define the Problem.
1.. Does a problem exist, 1f 50, outline its nature and extent,
2. Potential growth,

B. Plan the goals of an engineering investigatioﬁ.
l. Preliminary investigation or

2. A thorough engineering amalysis,



G.

L.

Je

Determine variables which must be measured and which enter

into computations,

1. To supplement existing data or

2, To supply all needed data

Investigate data availability, data sources.

1. Data reorganization.

Determine the type or types of field studies necessary to
supply needed information,

Organize and begin execution of field surveys.,

1. Decisions regarding type of monitoring system, central
data recording system or individual recorders, monitor
locations, and the like must be made.

2, Economic considerations enter in,
Instrumentation and data recording.

Data reduction and storage.

Establish theoretical relationships,

Investigate applications of modern computation tools and
techniques, This will influence the ways in which data is
recorded, analyzed and stored,

Execute theoretical studies,

Establish conclusions and recommendations.

Consider and investigate alternate methods of bringing

about desired end,

Draw final conclusions,
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This outl';ne represents a realistic engineering approach to the
problem. Now, techniques for successfully executing the technical
phases will be suggested. Organizational aids will be offered as well
as helpful short-cuts. In all, a description sufficiently complete., e\;en
for those approaching the problem for the first time, will be created.
If these suggestions caﬁ be standardized it would not only facilitate
the solution of new and even more complex prbblems to come, but
would also create a unity within the engineering profession for those
engaged in the solution of such problems. This is one of the basic
goals of this treatise.

Among the many organizatibnal aids which could be created is
the one shown in Figure 4.4 (page 108). Such a status sheet helps
maintain a perspective on the collection and reductlion of data

necessary to implement a thermal study.



CHAYTER II1

MODELLING TECHNIQUES TO SIMULATE
STREAM TEMPERATURES

3.1 TEMPERATURE COMPARISONS

Comparison of water temperatures before and after man-
produced changes are subject to question unless the variables can
be held constant or can be accounted for in the calculations. Pre-
vious sections have shown that the variables can be accounted for,
at least‘ approximately. In a stream, as in any water body, there
will be a natural pattern of temperature variations which must be
known before artificial causes of temperature can be evaluated.
Qualitatively, the natural variation in temperature of a stream can
be shown as in Figure 3.1. This three-dimensional envelope
describes the range in which temperatures could be expected to
modulate, A knowledge of the shape of the envelope is in-
directly one of the first goals of a the rmal study. The basic premise
upon which the following mathematical model is constructed is that
once the mechanisms of heat transfer are combined and adjusted to
yield natural temperature patterns within acceptable limits, then
artificial heat loads can be introduced and resulting temperatures
"automatically™ determined. This assumes that e#ch mechanism is
contributing in approximately the same proportion as it does in

nature. If this were not the case, the results obtained with artificial
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heat added would be erroneous, The proposition being made here
states that if all the forces acting on the system are known either
through measurement or estimation, then the response of the

system follows directly assuming the functional relationships are

known,

An advantage of being able to predict temperature profiles
subject only to natural conditions is that it facilitates the establish-
ment of a datum from which artificial increases or decreases can be
measured, This has special value where temperature data prior to
the introduction of artificial thermal loads is unavailable, As was
shown earlier, such data may form the basis of regulations for the

control of temperature and heated discharges,

3.2 SYSTEMS ANALYSIS

Systems analysis provides a tocl which organizes the decision
making process for managers and engineers, Basically systems
analysis is a methodical approach to a problem, with the objective
of examining the problem as a whole, finding the optimum answer
by considering all the aspects of the problem including any neces-
sary constraints. This tool is actually made up of many techniques
among which are mathematical modelling and linear programming.
All the methods or techniques are mathematical and can be broken
down into two categories, the analytic or direct approach, and the

non-analytic or trial and error approach. In both approaches, the
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behavior of the sjrster_h is _expr‘eséed by a set of ‘I-nZathematical equa -
tions which Wheh. solved, will in&icdt'é the partidula_f choice of action

which will optimize the systém.l

3.3 MATHEMATICAL MODELS

Mathemat’iéai modeliing_ is é technique which finds numerous
applications in analysis of water resource pro.blems.- Ultimately the
analysis seeks .to determine the behavior of a‘real system by use of
a model, Mathematical modelling is a non-analytic method which
involves a trial and error solution, The system under consideration
here is made up of the river basin, the atmosphere, and the sun
which interact. The formulation of the mathematical model involves
the use of stochastic (random) input data. Examples of stochastic
input data are stream flow and atmospheric conditions. The solu-
tions must therefore recognize the probability of events. The model
of the system must permit the testing of various combinations of
facilities and methods of operation in order to reach decisions about

the real system,

Recognizing the complexity of the system and the resulting
mathematical model, the model will be translated into language
recognized by electronic computers. In brder that there be alterna-
tives from which to choose in making a decision, the input data to
the program is changed thereby modifying the model, The output

from the computer will describe the system's response to the
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particular configuration tested. Examining the responses of

numerous configurations will allow choosing, hepefully, the optimum

with regard to all water uses,

3.4 OPTIMIZATION TECHNIQUES

Recently, there have been developed several optimization
techniques which find great application throughout all the engineering
disciplines. Although these techniques will only be discussed in
passing, due to time limitations, the author is convinced that these
techniques will find valuable use in the ultimate solution of théri‘nal

problems,

The one technique receiving most attention by water resource
analysts is linear programming, As described by IBM 3 , linear
programming is a mathematical technique for determining the opfi—
mum allocation of resources (such as capital, raw materia.ls, man-
power, plant or other facilities}) to obtain a particular objectivé
{such as minimum cost, or maximum profit) when there are alterna-
tive uses for the resources. The technique can also be used to
analyze the economies of alternative availability of resources,

alternative objectives, and so on.

It may be obvious that there are many direct applications to
problems within thermal pollution studies alone., One application
is that of choosing an optimmum combination of temperature reduction

methods to meet a predetermined limit on stream temperatures.
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Others may include, determining the optimum allocation of water to
its many uses, (flood control, power development, flow augmentation,
etc. ) optimizing the use of the stream to assimilate different types of
waste (organic, inorganic or heat}, or to determine the most efficient
ecosystem in terms of valued fish crop, waste assimilation, and

waterway aesthetics.

Linear programming does have limited application in that the
equations defining the problem must be first order. Real situations
do not always have a linear response - for example, the cost function
of a cooling structure or a dam to supply low flow augmentation are
S-shaped curves as a rule. If the range of interest, however, is
limited to that portion of the curve which is approximately linear,

then the technique may be employed.

3.5 THE MATHEMATICAL MODEL

The previous sections of this paper have been setting the stage
for the creation of a mathematical model which will enable the pre-
diction of effects of man-made changes in the natural environment.
The task remaining is to compose the variables, their relationships,
and all simplifying assumptions that have been identified into a
mathematical expression, This expression will take account of all
means by which energy enters and 1eaves' the reach under study.
Once the net energy flow has been determined the corresponding

change in temperature is easily calculated,
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The temperature environment of a stream will be studied by
breaking the stream into numerous reaches and even subreaches
where conditions demand. Each of the meteorologic and hydrologic
variables acting to change the water temperature is assumed constant
within the reach, thus facilitating the computation of the temperature
change. This is basically a finite differences approach. Of course,
it can be seen that if the size of each reach is reduced while their

L
number increases, theoretically to the limits of o® and <=2
respectively, it would be possible to determine the smallest incre-
mental change in temperature which takes place, This would yield
a continuous solution., However, due to the impossible task of
measuring each of the input variables in each increment, reaches
of finite length are used. These reaches may be in the order of
miles in length, depending primarily upon the number of points at
which variables can be measured, Sections where measurements
are taken, most conveniently, serve as boundaries and the average

of the measurements from the upper and lower boundaries is used

in determining AT over the reach,

Qp; is the net heat input to a reach in, BTU/sq. ft./hr, given as:
Qup = (Qnr * Qup/A) - (QBR + QE + QC) 3.1
where,

QNR = the net heat energy from the sun, taking into account

atmospheric condition, reflectivity, and shading

in B, T.U. /sq. ft. /hr.
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Qup = the heat energy coming from any discharge within the

reach in B, T.U. /hr,

Qpr =  the energy radiated from the water body to the atomos-
phere in B, T.U./sq, ft. /hr.

QF = the heat energy transmitted to the atmosphere by
evaporation in B.T.U. /sq. ft. /hr,

Qc = the heat energy conducted to the air above the water
surface in B, T, U. /Sq. ft. /hr,

A the surface area of the reach in sq. ft,

Only those phenomena assumed pertinent to the behavior of the sys-

tem are allowed to enter the expression.

To observe the meaning of this relationship {equation 3.1)
it can be seen that when Qqy, the heat input rate, is positive (+) that
is:

(Qnr + Qup / A) > (Qr + Qg + Q¢) '3.1.1
the rate at which heat is lost to the atmosphere is less than the
natural and artificial heat addition and heat is being stored in the
stream flow thereby raising its temperature,

When Qg is negative (-) that is:

(Qnr + QuD /A) < (QpRrR +QE *+ QC) 3.1.2
the ra,telof heat loss to the atmosphere is greater than the natural
and artificial heat addition and heat is being removed from storage

in the streamflow thereby lowering its temperature,
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When QH ig zero (0) that is:

(Qur + Qup /A) = (Qgr *+ QE + Qc¢) 3. 1.3
the rate of heat entry equals the rate of heat dissipation to the atmos-

phere so the streamflow temperature remains unchanged.
Similar conditions can exist whether or not an artificial heat

source is present,

To facilitate a more accurate picture of temperature variations

below a thermal discharge the reaches should be made particularly

small below this point,

The heat input to the reach, HI, is given by:

HI = Qg *? - % inB. T. U
where,

Qpy, A as previously defined

t = travel time through reach in hr,

The water mass travelling through the reach in t hours which is

capable of absorbing the heat input, HI, is given by:

WM = QF . 1;'./0 » in pounds mass 3.3
where, '

Qe

the average flow rate through the reach in c.f. s.

T

3600+ t, the travel time in seconds.

/O

unit weight of water in Ib/cu. ft.

Finally, the temperature changes, A T, through the reach is
given by:

- HIL ; :
AT = Wi ¢ in degrees Fahrenheit

3.4
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To facilitate the computational method which will be uged,
noints at which either a heated discharge or a tributary enter will be
designate a boundary between study reaches. This will aid later when
considering the effect of flow augmentation upon temperature patterns,

In order to begin a sequence of computations yielding successive
temperature changes down a watercourse, the temperature of the
water entering the top of the {irst reach must be known. In addition,
the maximum solar radiation possible under clear sky conditions for
a daily period must be determined (a2 known, fixed quantity}, the
cloud cover measured, estimated, or predicted, the reﬂec.tivity—-a
function of solar altitude, and shading estimated from observations
are all necessary to deter:ﬁine the net natural energy input, QNR
to the reach,

The maximum quantity of solar energy which could be expecied

(33) carried out by the U. S,

is determined from the results of a study
Weather Bureau in 1954, Extensive radiation measurements were
used to construct a nomograph from which insolation, as a function
of position on the earth, time of the ycar, and percent of possible
sunshine, can be extracted. {See Figure 3.Z). Subsequently this
nomograph was used to create a two-dimensional array of radiation

virlues which would be experienced at latitude 42,0 N, approximately

{lre state lince bhetwveen the states of Connecticut and Massachusetts.
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(A printout of this array is included in Appendix IL. ) It was felt that

this would approximate, well enough, the radiation intensities experi-
enced throughout the Connecticut River Basin, The array is 153 davys
{May-Sept.) in one direction and 11 units {(0-100% of clear sky values)
in the other direction. Given, then, the day-number during this
summer period and the extent of cloud cover in tenths a value of

radiation intensity striking a water surface can be found.

To facilitate extending the capabilities of the mathematical
model to include the prediction of stream temperatures, some tech-
niques of random number development are used to establish different
degrees of cloud cover, More specifically, the amount of cloud cover,
in tenths, will be ascertained by generating whole numbers of random
magnitude ranging from 0 to 10 inclusive, This is done with the

following formulae:

M_,1 = last two digits of (M, . 41} +3, n = 1,00 3.5
where,

M, M 17 = amodulus of magnitude varying from 00-99

M; = a number specifically chosen which will not cause the

series to repeat, Mj = 31

and,

Ratl = integer portion of {((M,,, + 1)} /10) 3.6
where,

R+t a random number of magnitude varying from 0-10

M, 41 as previously defined.



A uniform distribution is developed, but any distribution can be
created if proved more realistic. These formulae were so established

to expedite computer techniques which will subs equently be applied,

An assumption upon which this moedel is based is that a parcel
of water may be observed as it traverses the watercourse and any
. changes in its character will denote character changes in the immediate
area of the parcel, The immediate area is designated as the reach
in which the parcel is located. This aspect of the model necessitated
the creation of a mathematical procedure which would track the sun's
position in relation to the parcel's position, FEKarliest attention is
placed on the parcel, with the absolute time of enter and exit of the
reach under study of prime importance. The time to traverse the
reach is obtained from a knowledge of flow rates and of a flow-velocity
relationship. The average of computed velocities at the boundaries-
of the reach when divided by the length of the reach yielded the time

increment sought.

With this information available, the track of the sun can be
determined, knowing in addition the initial position of the sun and the
day of the year. If this is the first reach, the initial position may be
assumed, but beyond this it is dependent upon the sun's movement in
the previous reach. Figure 3,3 will help clarify some of the ideas
involved., Basically, a negative cosine curve describes the sun's

motion through a daily cycle. The objective is the creation of
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another reduction factor to be placed on the gross radiation input. 94
The reduction factor is defined as the ratio of the net area under
the curve between the times of entry and exit of the reach to the total
positive area under the curve, In other words, the inaxirnum possible
quantity of radiant energy which the water surface could receive is
reduced in proportion to the ratio of the period of time it does receive

energy to the period of time it could receive energy.

Ultimately this factor is applied along with the others previously

described to determine the net natural energy input to the reach.

Reflectivity and shading will be accounted for the in the adjust-
ment of the model when applied to a specific problem. These specific

model adjustments will be discussed in general in a section to follow,

Artificial heat ejections to a stream are obtained from design
data, Usually available in terms of a temperature rise in the by-

passed flow, the information may be translated to a loading rate,

B.T.U. /hr., if necessary.

Back radiation, evaporation, and conduction are computed as

described in the previous sections,

Heat energy advected into and out of the reach under study is
not directly accounted for in the computations but is included when a

temperature daturn is established relating temperature in one reach



to that in the next.

3.5.1. MODELLING THE EFFECT OF RUN-OF-THE-RIVER
IMPOUNDMENTS

Water temperatures may also be subject to the influences which
run-of-the-river impoundments may exert, As was indicateq earlier,
work is currently under way which could yield information regarding
these influences and which should facilitate the prediction of water
temperatures leaving an impoundment. In order that a model can be
completed at this time, it will be assumed that reservoirs will cause
no change in the temperature of the flow passing thrgugh them. When
the necessary work regarding the specific effects is completed, the
model can be easily modified to account for themn. The temperature
effect of an impoundment, for the purposes of inclusion in this model,
will most likely be given in terms of reservoir volume, inflow and
discharge rates, inflow characteristics, depth of withdrawal, and
time of the year.

3,5.2. MODELLING THE TEMPERATURE ENVIRONMENT WHERE

DISCHARGES ARE SUBJECT TO DIFFERENT CONDITIONS
OF MIXING

Earlier in this paper four possible conditions of mixing which
éould be assumed to exist at and below a discharge point were re-
viewed, Each describes a different form of the well known, heat
plume. Briefly, the discharge may (1) mix completely with the stream
flow, {2} stratify vertically, (3) stratify horizontally, or (4) stratify

both vertically and horizontally. One mode is usually chosen and
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assumed constant until sufficient heat energy has dissipated and the

plume loses identity.

Different modes of mixing can be approximated by combining
these conditions in different degrees, For instance, with the aid of
the computer and its associated techniques, a reach can be broken up
into many small increments between which the mode can be altered.
If the increments are made small enough and the combination and
degree of the modes is varied in some predetermined manner, mixing
can be modelled. As an example consider the following hypothetical
case; boundary conditions specify that at the disbharge point the ef-
fluent occupies one-third the depth and one-tenth the width of the
stream, at 100 feet downstream 1/3 and 3/10 respectively, at 200
feet 1/3 and 4/10 and so on. The 100 foot reach may be broken down
into, say, 10 foot reaches with either the vertical stratifica_tion or
horizontal stratification or both varying linearly from one sub-reach

to the next. Such a procedure will in effect establish a mode of mix-

ing.

In that the conditions are not presented as functions of known
variables, such as flow velocity or bottom roﬁ.ghness, no mathematical
relations can be established by which the effect of mixing is included
in the mé.thematica.l model. For simplicity, each of the four conditions

could be taken individually and in different degrees,
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3.6 MATHEMATICAL MODEL ADJUSTMENT

Each mathematical model which is fabricated must be altered
to correlate, as well as possible, its output with actual conditions.
This approach is necessary as a result of several weaknesses, First,
our inability to include every variable into the mathematical model
introduces error. The second weakness concerns data availability.
In most instances, sufficient data necessary to evaluate a model which
includes only the most basic parameters is difficult and expensive even
with modern equipment. To supply additional data then, may be an
impossible task. For these reasons it has been found expedient to rely
on specific model adjustments in an attempt to account for certain un-

knowns.

3.6.1, SOLAR RADIATION SHADING: In that solar radiation is the

main source of heat to the water body, any change in the intensity or
duration of exposure of the water surface will have a pronounced ef-
fect upon resulting temperétures. Therefore, shading from trees and
cliffs and surface reflectivity must be investigated in order to establish
a reasonable adjustment factor, Maps of the basin were reviewed and
field inspections were executed to supply information upon which an

estimation of this factor could be bhased,

An empirical relation was established which presents this ad-
justment factor as a function of river mile. Such a relation, it is

believed, is justified considering the fact that as the stream widens



in the downstream direction the reduction factor would be expected to
increase, approaching unity. This is due simply to the physical

geometry, comparing shading height to stream width.

The empirical relation established for the White River is as

follows:
SrF=0.1 +RWL (RM(1)+BMm(Mm)) /2 3.7
Where; S = Solar Reduction Factor
RF
RwL = Ratio of average shading factor to
study area length,
= 0,4/51.7 = ,00773
Rpm (1) =  River mile at the head of the reach
under study
Ry (M)=  River mile at the end of the reach under study.

This relation yielded solar radiation reduction factors
which varied in magnitude from , 105 to . 477, These are realistic

and within acceptable ranges for this river,

3.6.2. EFFECTIVE SURFACE AREA OF TRANSFER: The

previous section discussed the surface area over which incoming
heat energy is effectively received. Similar consideration must be
given to evaluate the effective surface éréa over which the mechanisms
of heat transfer to the atrﬁosphere act, An adjustment of this type
must consider the flow regimes which may exist, that is, the areas
which are effectively supporting an outgoing transfer of heat energy

must be distinguished from stagnant ineffective areas. To make such
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a distinction not only must flow patterns be understood but also
temperature patterns, This is an important indeterminate problem.
The need to establish such an adjustment factor admits that the total
water mass is not acting as part of the closed system, which is being
analyzed, and consequently should not be incorporated into the heat
balance relationsghip. Resea;rch with moving, highly turbulent Weéte rn
rivers has shown heat transfer rates for turbulent water bodies to be
quite different than for lakes and impoundments. Similarly, the
transfer coefficient should be expected to vary even over a small
reach of stream where surfaces may vary from highly turbulent to
limpid. With these comments in mind a,nd‘.with the experience or
numerous computer simulations, attempts to establish a factor by
which the gross surface area of the gtream should be reduced were
made., In that the surface was described by a long wedgg -like trapezoid
it was convenient to introduce the surface area reduction as a reduction
to the variable trapezoid base. By trial and error procedures factors
of different magnitude were inserted and the resulting profiles compared
to observed profiles., A factor ranging in magnitude from , 20 to .25

yielded a very good corrleation.

3.6.3. ADJUSTMENT OF METEOROLOGIC DATA FROM DISTANT
COLLECTION STATIONS:

Very often a weather station will not be located in the im-
mediate area under study. Therefore, data from the nearest station

will have to be used and adjusted to account for the effect of geographic
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features which will cause changgs in the different parameters. In
the White River case study, however, data from the U. S, Weather
Bureau at Lebanon Airport, which is near the perimeter of the basin,
were believed to be representatilve of values experienced throughout
the basin. If any of the data were to be adjusted it would be wind, to
account for the gullies and protected nature of the river course, but
the adjustment would be of a low order of effect on the resulting com-

putations so it was, therefore, neglected.



CHAPTER IV

THE WHITE RIVER MCODEL

4,1 INTRODUCTION

As has been emphasized throughout this presentation, there has
been a treme.ndous deficit in the amount data necessary to implement
temperature studies. The White River was chosen as a subject of study
because there was an unusually large amount of temperature data avail-
able for the summer season of 1965, This was a result of special field
studies which were aimed at measuring many water quality parameters
among which were air and water tempeirature. Also, the river has not
been subjected to artificial heating, the temperature readings taken,

therefore, are representative of natural conditions.

4,2 GENERAL BASIN DESCRIPTION

The White River Basin, shown in Figure 4,1 with a dratnage area
of 712 square miles, all in Vermont, rises on the northeast slope of
Battell Mountain of the Green Mountain Range in the Town of Ripton,
Vermont, and flows east five miles to Granville, then south 19 miles
through Hancock and Rochester to Stockbridge where it turns and fol-
lows a northeasterly course nine miles to Bethel. It then flows easterly
seven miles to South Royzilf;on, and finally southeasterly 18 miles,
through the villages of Sharon and Hartford, to its confluence with the
Connecticut River at White River Junction, Vermont. The White River

has a total length of about 60 miles and a total fall of about 2,170 feet

101
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of which 1,600 feet are in its upper nine miles, The threce principal

tributaries are the First, Second, and Third Branches.

4.2.1 CLIMATOLOGY AND HYDROLOGY

The relatively high elevations of the Green Mountains have a
marked influence on temperature, precipitation, and depth of snow
cover in the White River Watershed. The basin undergoes extremes
of cold and def)th of snow as compared to average conditions in the
Connicticut River Basin, of which the White is part,

The average annual air temperature of the White River Basin is
about 410F. There is little variation throughout the basin due to its
relatively small size, Average monthly temperatures vary widely
throughout the year, from about 16°F. in January and February to
about 680F. in July.

The average annual precipitation over the entire basin is in
excess of 50 inches., This high average is due to orographic influences
as well as elevation. The distribution of precipitation throughouf the
year is rather uniform although somewhat heavier precipitation is
experienced during the summer months,

Stream flow data has been published by the U. S, Ge ological
Survey for two stations in the White River Basin, one at Ayre Brook
and one at West Hartford, West Hartford is indicated as point number

2 on Figure 4.2. The records are rated as generally good to excellent
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(this includes the period of time with chich these studies are concerned)
except.during periods of ice when they are rated as fair,

The basin has an average run-off of over 40 inches (3.0 cfs/
sg. mi.) over the period of record, About 50% of the annual run-off

occurs in the months of March, April, and May,

4.2.2 DATA SOURCES

Four primary sources supplied the data necessary to implement
the simulation model. Water and air temperatures were made available
from the Vermont Water Resources Commission; wind, relative humid-
ity, wet and dry bulb temperatures, sky cover from the U, 5. Weather
Bureau at Lebanon Airport, Lebanon, New Hampshire; flow rates {rom
the U. S. Geological Survey; and velocity-flow relationships from the

Federal Water Pollution Control Administration.

The computer program which utilizes this data has a general
arrangement as shown in Figure 4, 3(a). The arrangement of the data
in particular is shown in Figure 4, 3(b). A print-out of the actual in-

put data is found in Appendix C.

The collection and reduction of this data was aided by the use
of an organizational device as described earlier, The utilized data

status sheed is shown in Figure 4.4

4,2,2 TEMPERATURE PROFILES. Based on the temperature measurements
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available through the Vermont Water Resources Commission water
temperature profiles were constructed, the results of which appear
in Figure 4.5. This information forms a datum toward which the

simulation model results are directed.

4.3 THE SIMULATION MODEL

The mathematical relationships previously develloped in conjunc-
tion with certain mathematical techniques for choosing, analyzing and
assemblying data formed the simulation model. These igterdepgndent
mathematical descriptions of natural phenomenon were then translated
into Fortran IV computer language facilitating implementation on an
IBM 7044/709.4 II computer. A logic diagram and print-out of the

computer program are found in Appendix B,

The model uses a variable length study reach, which in this case
study was taken for simplicity to be the reaches between data collection
stations. This approach resulted in twenty study reaches varying in
length from .1 to 6. 3 miles, The values of the operating parameters
were set equal to the average of values measured at the data collection
point forming the head ahd foot of the study reach, A parcel of water
is followed incrementally from one reach to the next, applying the
heat balance relationships to determine the net change in temperature
through each reach and which ultimately facilitates the construction of

stream water temperature profiles,

Eleven simulation models were studied which tested different
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WATER TEMPERATLRE ENVELDPE
WHITE RIVER-MAY 10 THRU SEFT: 30 1965
PLOT OF ACTUAL FIELD DATA-
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Figure 4.5 Water Temperature Envelope as Observed During
Summer of 1965



110

assumptions and hypothetical uses of the stream water,  The choice of
io;ations of such facilities as might discharge waste heat or discharge
stored water for low flow augmentation and dilution was arbitrary but
was guided by a knowledge of population distribution and other criteria
which would effect such locatioﬁing. In no i-irlstance .was a' realistically
sized thermal discharge or cool water discharge used. This was a con-
.se.quence of basin size, which obviously could not support the waste
heat loads of a typical modern day thermoelectric station. The basin
serves, then, only as a scale model, The waste heat discharges were,
therefore, scaled down to an order of magnitude compatible with the
strea.‘m flows experienced so that the developed output would have
meaning, A schematic répresenta.tion of the White River is shown in
Figure 4.6, Also shown are the heat and cool water sources which

appear in the various simulations.

4.4 THE MODELS STUDIED

4.4.,1 SIMULATIONS OF NATURAL CONDITIONS

Adjustmenfs of meteorqlogic and hydrologic parameters were
necessitated in some instances because of local geographic influences.
Estimations of these effects were a.ccounted. for in the computations by
the modification of input data through routine of the_ computer program,
The modifications are discussed in general in section 3.6, entitled,
Ma.them_atica.l Model Adjustments. |

In the first attempt to simulate natural temperatures a moderate-
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.adjustment was méde to account for the effect of shading 6f solar
radiation. The adjustment amounted to a reduction of 25%. The
results of this simulation appear in Figure 4.7. | Although the curve
describing the mean stream Water-temperatﬁre is a good.representa-
tion of observed temperatures (Fig. 4. 5), the band of } one standard
deviation () was believed to be too widé. The average value of
for this simulation was found to be 6.2°F. This Eand represents the
range in which the mean value could be expected to fall 68% of the time,

Following an examination of portions of the White River it was
decided that shading of radiant energy was actually greater than first
estimated. A second simulation accounted for this increase by raising
the reduction factor to 50%. The results appear in Figure 4.8, Most
appafent is the narrower band established by ¢+ ¢, which resulted,

o (averége) equaling 5. 1°F,

This ability to observe the effect of ché.nges‘ i‘n a single variable
illustrates very clearly the strength of this problem solving technique.
Also,r a fact which emphasizes the advantage of the computer tech-.-
niques employed is that a comple.te gimulation required approximately
1. 5 minutes of computer time. It was estimated that it would require
10 man-months to accomplish the same end.

Comparing the first two simulations to the surveillance data
several observations can be made, T.he field temperature data,
when collected, did_ not follow a spatial or temporal pattern which

facilitated the following of a parcel of water downstream. Consequently,
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WATER TEMPERATLRE ENVELOPE
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the diurnal variation in the te‘mper-ature of a parcel of \.v:lt'er‘w.as not
'no.ticable_. This would also account in paft, for the fact that the
‘standard deviation in the second sirﬁula.tion was actually smaller
than that for the observed data.

The diurﬁal {rariation.in temperature, however, can be seen
in the results of the simulation because a parcel-following technique was
used. The simulation results when plotted, therefore, suggest thre
cycle peaks. | The diurnal-variations become more pronounced when
partial-period exa,rhinations were made, Depending upon flow rate,
the time of travel va.rié'd frorrn 3 to 5 days., This fact makes it difficult
to draw much (l:c;nclusion from the longer period studies because points
of interest are obscured.

The sixth simulation, probably the best obtained, is summarized
in Figure 4. 9_, where it is corﬁpared to the observed profile, This
variation was created by changing the simulation starting time from

6.00 hrs to 3.00 hrs.

4.4.2 PARTIAL PERIOD SIMULATIONS

In order to create a more comprehensive understanding of
temperature variation, the study period was broken into partial periods.
This breakdown was based on stream flow, with two periods distinguished.
The first period is represented by the first two mo ths of the summer
period and the second by the last three months. These two periods
are respectively characterized by comparatively high flow of spring

runoff {average flow = 379. 4 cfs) and low flow (average flow = 123.5 cfsy.
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WATER TEMPERATURE VS DOWNSTREAM DISTANCE
WHITE RIVER-MAY 10 THRU SEPT. 30 1965
OHSERVED AND COMPUTED AVERAGE PROFILE

6th Simulation

Simulated Profile
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DOWNSTREAM DISTANCE FROM POINT 0.0 MILES
Figure 4 9 Observed Average Profile and Best Simulation Profile
of Natural Condltlons
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The results of a simulation of the high-flow period is shown in Figure
4,10, the 4th simulation, More ob;zioius than in eariier simulations is
the peaking due to diurnal variations, The subdivision helped to clarify
these peaks and also to reduce the distribution of compu.ied values,
which consequently yielding a smaller average standard deviation,
Similar comments can be made of the 3rd simulation, one of low flow
conditions, the results of which appear in Figure 4.11,

4.4.3 SIMULATIONS TO INVESTIGATE THE EFFECTS OF HYPO-
THETICAL HEAT LOADS ON STREAM TEMPERATURE

With an understanding of natural variations of stream water
temperatures at hand, artificial heat loads were impoused and the
effects observed. The 5th simulation, the results of which are pre-
sented in Figure 4,12, applies an artificial heat load at 38. 0 miles
from the simuiation starting point and 22. 0 miles from the confluence
with the Connecticut River. The withdrawal and discharge was set
arbitrarily at.150 cfs, which experienc'es a temperature increcase of
13°F. This is approximately equivalent to a heat discharge rate of
120,000 BTU/SEC. It was also assumed that complete mixing occured
at the discharge. r]IZ‘he results indicate a temperature rise of about
5CF which returns to near natural cqnditions within about 17 miles.
This can observed.and seen in Figure 4,13 whichs hows only the
average profiles for simulated conditions. This exercise, it is be-
lieved, demonstrates support of the ‘hypothési.s that artificial condi-
tions can be superimposé upon natural conditions to yield a realistic -

picture of resulting conditions.
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WATER TEMPERATURE ENVELOPE

. WHITE RIVER-MAY 10 THRU SEPT- 30 51965
SIMILATION OF NATURAL CONDITIONS
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WATER TEMPERATURE ENVEll]DE
WHITE RIVER-MAY 10 THRU SEPT- 30 495
SIMULATION OF NATURAL CONDITIONS
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Water Temperature Envelope for a Simulation of Natural
Conditions for Days Near the Middle of the Study Period
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WATER TEMPERATURE ENVELOPE
WHITE RIVER-MAY 10 THRU SEPT- 30 »1965
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WATER TEMPERATURE V5. DOWNSTREAM DISTANCE
WHITE RIVER-MAY 10 THRU SEPT- 30 51965
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The 7th simulation (Figure 4, 14} considered a hypothetical dis~
charge at river mile 6, 0 measured frém the beginning of the study
area., A discharge consistent with the small average flow experienced
was introduced creating an increase in the mean stream water tem-
perature of approximately 10°F. In view of the fact that this is an
area in which the stream experiences a rapid fall in elevation, with
accompanying turbulent flow, it is not unreasonable to expect a sharp
fall in the profile curve. The area also experiences comparatively
lower air temperatures and higher winds than other portions of the
basin. These facts support the rapid fall of temperature to natural
levels, which occurred within about 5. 0 miles.,

The 8th simulation (Figure 4, 14) introduces the same thermal
load as used in the 5th simulation excépt 5.0 miles further downstream,
at river mile 42, 0. In this case temperatures returned to normal
w ithin about 10 miles,

The 1ith simulation (Figure 4. 15) introduces a 240, 000 BTU/Sec
discharge at river mile 33, 0. This created about a 10°F, increase
in temperature which returned to near normal conditions within

about 11 miles.

4,4,4 SIMULATIONS TO INVESTIGATE THE EFFECTS OF HYFO-
THETICAL COOL WATER DISCHARGES

As mentioned previously, an important function of a multi-purpose
reservoir should be the control and enhancement of stream water

temperatures in downstream reaches. It must be pointed out, also
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WATER TEMPERATURE VS DUWNSTREAM DISTANCE
WHITE RIVER-MAY 10 THRU SEPT. 30 »1965
UBSERVED AND COMPUTED AVERAGE PROFILE
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thetical Heat Sources
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WATER TEMPERATURE VS. DOWNSTREAM DISTANCE
WHITE RIVER-MAY 10 THRU SEPT- 30 51965
OBSERVED AND COMPUTED AVERAGE PROFILE
Sth,ch - 11th gimulations

Summary Presentation
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Figure 4 15 Results of Simulations with Hypothetical Heat Sources
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that there are no methods existing which facilitate evaluation of their
overall effect, in this regard. This void in our water resource devel-
opment skill will be {illed, in part, by the technique suggested herein.
To this end, the effects of .hypothetic:al cool wate.r discharges were
analyzed using the very same heat balance model as applied to heated
discharges.

Several reasonable assumptions were made, First, the dam
has multiple outlets which permit the discharge of water from different
layers at different temperatures. These will mix to the desired tem-
perature. Of course, in the event that the temperature of the water
from a particular outlet is that desired, then there negd be no mixing,
This further assumed that either an understanding of the temperature
regimes within the reservoir exists or an effective temperature moni-
tor.ing system exists or both exist and can supply the necessary
information upon which operation decisions can he made,

It was further assumed that these discharges are available
immediately at the predetermined temperature to the main stream
under analysis. This is not unreasonable lin view of the fact that
although a reservoir may be some distance up a tributary, this.very
technique, if verified, can be applied to determine any change in
temperature from the point of.discharge to the point of confluence with
the main stem,. Finaily, it waé assumgd; as with heated dischargeé,

that the disché,rge mixed completely with the main s tream flow,
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The 9th simulation displayed in Figure 4,15, considered a reser-
voir discharge entering at R. M, 40, 0 at a flow rate of_ 130 cfs and tem-
perature of 4201?‘. This resulted in approximately a 5°F température
drop which was not at all unreasonable recognizing that the average flow
over the study period was 265cfs.

The 11th simulation considered the effect of both hot and cold
water discharges, however there was no interaction because of their
wide separation,

Discussion now centers on the effect of the reservoir discharge.
The temperature of the discharge was set at 420F., as in the previous
example, and the volume rate of flow at 60 cfs, entering the main stream
at R.M, 42,0, The result was a much less obvious depression in temp-
erature than experienced in the previous example. However, it is
consistent with regard tothe relative proportions of flow. In this
simulation, as in the last, the temperature, after a short stable period
begins to drop off abnormally. Several reasons for this occurrence may
be suggested.

First, it is known that in both simulations the sarme climatological
conditions existed beca.use of the pseudo-random technique used.
Therefore, since there are no other variables of real consequence it
seems evident that the same condition or phenomenon is responsible
for the abnormal drop off in temperature. An examination of the
-cloud cover data developed showed that there was an unexpected high

frequency of days with 50% or more cloud cover. This, it is believed,
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was cause enough for the occurrence. At this point it was realized
that the same tailing-off occurred in all the simulations. This
further supported the hypothesis.

4.5 DISCUSSION OF MODEL STUDY RESULTS

Based on the results Qf the mathematical simulations a number
of conclusiéns can be drawn. First, and probably most important,
is the fact that fhe energy balance approach to the solution of river
temperature problems is shown to be applicable é,na is in fact a
method of great Strength,

The success of the method is due, in a great part, to the
detailed and accurate data, | Although the acquisition and preparation
of the data is an expensive, tedious and time-consuming process, it
is emphasized once again that the success of the whele study effort
is directly dependent on it.

Of equal significance regarding the success of the mathematical model
was the selection of adjustment fa;tors which exhibited a pronounced effect |
upon the resulting temperature profiles. A case in point is that of the
solar shading adjustment factor which, when increased to a more
realistic value, provided a more acceptable value of the average
standard deviation of temperatures.

It must be emphasized that, analyzing output dependent on data,
it is imperative that not only the arithmetic average of the output developed
be brought within an acceptable range, but also as rnan.y other of the

statistical properties as possible.
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It was also demonstrated that, even in a simplified form, the
mathematieél model still produced profiles representative of naturé.l
con_ditionsq

An aspect of the modeling procedure not receiving much attention,
but which was shown to be of great importance, was that of the léngth
of period being simulated. The effect of this parameter was revealed
in the Partial Period Simulations of Section 4. 4.2, Further, it may be 7
concluded that, in order fo develop a truly complete study of temperature
effects, it will be necessary to subdivide the period being simulated so as
to observe the effect of extreme low flows overlooked in this analysis.

Of course, the frequency of such events must also be kept in view,



CHAPTER V
DATA COLLECTION

5.1 MONITORING SYSTEMS FOR THE COLLECTION OF
TEMPERATURE DATA AND MAINTENANCE OF TEMPERATURE

REGULATIONS

The ability to continuously monitor temperature (as well as
other water quality parameters) has been shown to be a basic necessity
to temperature studies and of utmost importance to a final analyses.

In the following pages a guide will be organized which will aid in the
planning and establishment of automatic, continuous temperature
monitoring systems. It should be recognized that probably, parameters
other than those directly related to temperature investigations will

be measured depending upon the scope and goals of the study. Further
.it is assumed that automatic systems are preferable to manually
operated systems. This preference has been established since the
éarlist surveys which were time consuming and required considerable
man power. Such deficiencies have inspired the development of
sophisticated elec.tronic instrumentation for the measurement arnd record
of water temperatures.

In initial study proposals it i# supposed that the study area has
been well defined, and therefore lirﬁits of the area to be surveyed are
known. Recognizing Sudgetary limitations and having at hand current
equipment and operatidria.l costs, simple computations will yield the
approximate number of monitoring stations which may be placed over

the study area. Hopefully this number equals or exceeds that deemed

129
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‘necessary to develop accurate temperature profiles,

The parameters most useful to a study are (1) water tempera-
ture at several depths, (2) dissolved oxygen, (3) air temﬁerature,
(4) wet and dry bulb températures or relative humidity,r (5) wind
speed and direction, and {6) solar radiation.

Instrumentation to implement a study and which meeté specified
requirements is now (1968) commercially available. Basically, the
instrument package ccmsis‘ts of 2 or 3 units or compartments, A
lower chamber housing sensors, receives a contin.u.oué flow of water
from submersible pumps, The electric pump (2 pﬁmps if information
is taken at two different depths) may be supported about one foot
below the surface of the water By a float arrangement which rises
and falls with changes in surface elevation, whether caused by tidal
eiffects or changes in flow, The water sample travels through the
parallel sampling chambers, then passes to an overflow, A middle
section contains the analyzing equipment.  The top section contains
recording equipment.

One may question our ability to observe and analyze great
amounts of data., This is, of course, no problem with the aid of
high speed electronic computers. We can handle any amount of

data that will be available. Recording information in the proper
form when obtained can speed up the analyzing process greatly.
When a monitoring system runs continuously day after day and la;rge

armounts of data are collected and it is most convenient to record the
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data digitally, as on punched paper tape or magnetic tape for later
'processing‘by. a computer. Transcribing information from charts
has been found to be so time consuming that economic justification

of the.additiona.l equipment needed to shift this burden to a machine
is rea,dily' made, With the addition of a digitai clock, real time ;:an
be recorded. Station position may also be coded on the tape. Tape
recordings of these types are a very convenient rheans of sforing .‘
quantities of data which can be read and reproduced in any other form
by computer methods.

The maintenance of the éystem can be quite simple. Periodically
the main sampling chamber is disassembled, cleaned and flushed out.
Most elements of the sampling tanks are designed to be resistant to
marine fouling and for easy maintenance, making the entire cleaning
process about a 15-minute job. Occasionally the submersible pump
and piping system must be flushed. This may be accomplis hed, as

(34), by placing the pump in a 20 gallon

described by Cory and Davis
container about half full of water, The water flows through the piping
and is returned to the container. One cup of chlorine-base bleach is
added to the water and solution circulated long enough to kill biota
attached to the inside of the pipes.

The need for adjustment 6f calibration has been reduced greatly

over equipment of earlier ped ods. Experience has shown that most

all the sensing devices utilized need no adjustment if not subject to
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abuse or unusual environmental conditions. A report(ZB)_ of one
automatic data system in operation supporting this states in one case;
The extremely stable and accurate oxygen sensor

has operated continuously for nearly a year with no adjust-

ments of calibration,l and no maintenance other than an

occasional wiping of the membrane with a soft cloth. A jet
stream of water directed against the sensing membrane pre-
vents settling of fouling organisms.

A des.ira}.)le trait of a monitoring station would be the ability
of easy relocation. A movable monitoring unit would optimize the
equipment investment. "“Movability' is often necessary in view of
the type of surveys cartried out.

A complete survey of a river will incorporate a number of
schemes for distribution of monitoring stations. Each scheme will
have specific aims and purposes. First, a preliminary survey en-
compassing the & tire river would be cérried out. Such a survey
would allow the immediate visualation of the pattern of temperature
and any tré_nds in the variation of temperature patterns, This sur~
vey would then be followed by a number of surveys of much smaller
scope. This second type would facilitate examining more closely
selected reaéhes of stréam in order to determine what factors in-
fluence the different parameters and also to construct morre accurate
temperature profiles. The number of fea;;hes to be examined would

be a function of meteorologic and hydrologic variables. The goal is
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to choose the smallest number of reaches which exhibit, as well as
possible, conditions over the entire river, Not only would points
along the length of a reach be examined but also cross-sectional
profiles would be taken. This refinement will enable viewing the
extent of stratification and mixing which is taking place.

There are a number of precautions which must-be observed
when installing and using the instruments. To mention a few: (1) care
must be exercised to see that the temperature re.gistered is repre-
sentative for the cross-section; (2) a site where incomplete mixing
exists is unsuitable for the collection of water te.mperature data; and
(3) temperature probes should not rest on the stream bed.

5,2 INSTRUMENTATION FOR DATA COLLECTION AND FOR
SUPERVISION AND MAINTAINANCE OF TEMPERATURE REGULATIONS

It has been emphasized that there has been an acute neglect
of water quality monitoring in most important stream-s. Incon-
sistent with this fact is the fact that within the past five years fipe
electronic monitoring equipment has become available.

- Water quality monitoring systems capable of data acquisition,
logging, transmission, display and convergion are commercially
produced. Such equipment is found in a variety of configurations
for automatic, continuous scanning' of twenty or mére physical and
chemical parameters in shelter, trailer, or survey boat applications.
Many feature solid-st.ate electronics and modular, plug-in subassem-

blies for increased reliability and ease of maintainance.
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Two basic equipment configurations yield wide overall flex'i‘-
bility, the single and multi-unit assemblies, The-simp};;st type is
made up of a single monitor probe with sensor chamber, electronics
section and any form of logging- or visual presenta.tion.‘ The second
employs a modular design with the flexibility for incorporé.ting a
selection of visual, logging or telemetry components.

The modularized system is designed for permanent or semi-
permanent installations which may operate continuously and un-
attended. The only other items needed to complete an installation
are a submersible pump and piping to provide a coﬁstant flow of
representative tesf water, a weatherproof shelter, and 120 V, 60 cps ser-
vice. These modular systems can be readily disassembled for moving
where short-term data collection is desired.

In some kinds of installations, particularly where short-term
survey work is being done or where water must be pumped a con-
siderable distance to the sensors, it is more convenient to use sensor
assemblies that can be immersed directly into the water to be tested.
Such systems have the advantage of maximum portability especially

important in area survey work,

5.2.1 TEMPERATURE MEASUREMENT (water and air)

Two types of temperature sensing devices are commonly em-
plo&ed. They are the well-known thermocouple and thermister, The

thermocouple is composed of two dissimilar metal wires buttwelded
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to form a sensing junction. The thermocouple develops a d-c o

millivolt out put proportional to the temperature differe.nc_:e between
the sensing junction and_ reference junctions in the measuring instru-
ment, The thermistor is a semi-conductor in which‘ a slight change

of temperature results 4in a pronounced change of electriéal re sisté.nce.
Accurate measu:t.'ement of this change of resistance therefore reads
the temperature at the therfnistor position, Thermistors, historicélly,
have demonstrated individual and differing temperature ‘Si;S. resistanée
response curves, This severely limited broad usage, however new
processes for producing thermistors of similar characteristics have
been developed thereby facilitating interchangeability. Thermistors

do tend to shift response slightly with time and thermal shock.

Most manufab_tuérers offer several instruments for either display-
ing or recording temperatures as reported by thg sensors previously
described. Depending upon the type of survey being conducted one of
these types may have better application. Direct dial indicators re-
quire hand recording of measurements, while automatic amplif;i.cation,
signal conditioner analog or digital systems find greater application.

5.2.2 RADIATION MEASUREMENTS

Several methods have been employed to measure solar and at-
mospheric radiation. One requires the separate measurement and
recording of short and long wave radiation, Solar radiation is measured
using an Eppley 180° pyrheliometer and total radiation by using a

Gier and Dunkle flat-plate radiometer. (Dunkle et al, 1949)
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Atmospheric radiation is then computed as the difference in the two
measured quantities. The Cummings Radiation Integrator (Cummings,
1940) might also be used to measure total incoming radiation_.

The heart of the Eppley pyrheliometer is an assembly of con-
centric silver rings with black and white surfaces, These su;‘faces
are subjected to radiant energy and assume different temperatures,

A thermopile in contact with the surfaces senses this temperature
difference, and converts it to a d-c millivolt signal for a potentio-
meter recorder., The thermopile is made of fine gold palladium and
platinum rhodium alloy wires. Basically a number of thermocouples
in series, it produce-s a higher millivolt output than would be possible
with an individual thermocouple. The pyrheliometer has a 10-junction
thermopile which provides approximately a 2.5 millivolt oﬁtput for a
radiation intensity of 1 calorie per square centimer per minute.
Approximately 1. 5 calories per square centimeter per minute is
usually accepted as representative of the maximum intensity of total
sun and sky radiation received at any point on the earth's surface.

This assembly is mounted in a glass bulb which has been carefully
heated, .dried and filled with dry air. This prevents any condensation
from forming \;vhen the unit is exposed to low temperatures.

The basic ope_ra.tir;g principle is the sensation of temperature
difference bet\.;veen the two c.o'ncentric ring surfaces. When solar
radiation st_rikes the sensitive surfaces on the top of the rings, most

of the eﬁergy striking the black  surface is absorbed. The heat



137

produced is sensed by the hot junctions of thermopile. Concurrently,
most of the radiated energy striking the white surface is reflected
away and comparatively little heat is produced. This provides the
cold junction temperature for the thermopile., The d-c electrical
signal produced by the thermopile is directly proportional to the
intensity of the radiated energy rate,

The Gier-Dunkle flat-plate radiometer is made up of a flat
plate of aluminum with a blackened upper surface and a polished lower
surface and a thermopile in between the two surfaces to measure the
temperature gradient. Moﬁnted horizontally, the plate receives the
discharge of an air blower across its upper surface, To determine
the back radiatiop of the plate the upper surface temperature is
measured by means of a thermoéouple. The total radiation absorbed
is proportional to the thermopile voltage after correction for back
radiation.

The Cummings Radiation Integrator is aﬁ insulated pan of
water whose heat budget may be utilized to compute total incoming
radiation from measurements of air and water temperatures,

Either the pyrheliometer or flat-plate radiometer éould be used
in an inverted mounting position to facilitate the measurement of re-

flected radiation,

5.2.3 WIND SPEED AND DIRECTION

Commercially available instruments for measuring wind speed
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and direction follow vefy similar designs. Basically a propeller
senses wind speed with the rate of tunning being proportional to the
speed of the wind. Another method of obtaining wind speed employs
the rotation of a gener;ator, attached to a three-cup assémbly by means
of a shaft. The current produced by the generator is directly propor-
tional to the rate of rotation of the cup assembly and wind speed. Wind
direction is sensed by a potentiometer facilitating digital recording
systems, Another design utilizes a variable resistor which is in
contact with the rotating wind vane shaft. The voltage output frommn
the variable resistor is a function of the vane's posi‘tion.

More familiar to engineers are the means of measuring Relative
Humidity, Precipitation and Pressure., An abbreviated d.escription will
therefore be given,

5.2.4 RELATIVE HUMIDITY

Automatic systems for obtaining a record of relative humidity
utilize a long bundle of human hair which expands or contracts as
humidity changes.

5.2.5 PRECIPITATION

Modern instruments facilitate automatic, accurate measurement
of rain fall, Although simple the mefhod of operation is sufficient for
all uses. Basically, either a system of two buckets alternatively fill and
tip causing closure of a switch or a weighing system is employed to

activate a data acquisition system.
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5.2.6 PRESSURE

Modern recording type barometric pressure measurement
instruments employ, as in the past, an aneroid sensor. Such sensors.
are cons;‘.ructed of a spécial copper alloy and are so designed as to
allow adjustment for operation at most any altituée.

Much work is needeci on the method of data recording for these
last three parameters. Analog systems have been most convenient

and popular but do not facilitate easy handling or reduction of the data.,



N

CHAPTER VI
DISCUSSION AND CONCLUSIONS

6.1 DISCUSSION

There was a threefold objective of this paper, The first was to
identify and review significant research contributions, the second, to
suggest a practical technique for approaching and solving thermal
problems, and the third, to develop a mathematical model which would
aid in the solution of these problems by simulating stream temperature.
Also, throughout the paper are interjected many facts which are helpful
to a thorough understanding of the immediate discus sions. The infor-
mation is sufficiently complete either as presented or in referenced
form so the necessary tools for accomplishing a solution are at hand |
in one, more or less, condensed volume,

It is believed that the presentation and discussion of earlier
research works dealing with the engineering aspects of thermal problems
is the most complete to date, The detail in which many aspects of the
problem are covered is not repeated for brevity, however, it is
imperative that this detail be assimilated in order to support a deeper
understanding of the problem.

A majority of the earlier studies have supported one of two
approaches to the development of a; simulation model, the heét or energy
budget or the exponential or natural decay of excess temperature. The

heat balance was the first conceived and had several inherently difficult

140
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features. These difficulties prompted the development of exponential
decay theory, However, from the point of view of an analyst in need
of a computational method, the exponential decay method does not
yield much advantage, Beyond the difficult mathematic relationships
which must be understood is the fact that there is still a large amount
of basic data necessary to implement the model.

The results of this study, it is believed, contribute to the
successful application of the heat budget method by supplying additional
tools which aid in its solution, 7The tools which found greatest appli-
cation included random number treatment of incoming radiation and
computer techniques. Also new information regarding natural heating,
in the fo.rm of nomographs constructed from many thousands of
measurements of incident radiation have made it possible to apply the
heat balance method with more ease, In addition, much more infor-
mation which is useful in these studies is now being obtained routinely
at weather stations and laboratories,

The nature of the investigation did not permit the study of a
problem from its beginning, the necessary resources and time available
being limited. To short-cut the expensive and time-consuming process
of collecting data for a thermal study, a successful effort was made to
obtain existing data which was sufficiently complete. The suggestions
regarding the acquisition of datar, therefore, could not be evaluated and

likewise the guidelines which were set down in Section 2.4, 1 were not
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relied upon until section H, '"data reduction and storage'. This and

each succeeding section was expanded and more clearly defined upon

its application.

One capability which can be built into the model which will be

of special value regarding the establishment of a plan of development

for a river basin is that of determining the optimium arrangement or

combination of temperature control devices. As indicted previously,

the requisite techniques to accomplish this end are available,

6.2 CONCLUSIONS

(1) The heat budget procedure for approaching and solving

(2)

(3)

(4)

thermal problems as outlined here is sound and practical

as shown in part through the solution of the case study.

The mathematical model is, in its present form, capable of
predicting useful information regarding the temperature
regime which would exist under both natural and artifically
heated conditions.

The results must be viewed as conservative in light of the
agsumptions upon which they are based,

More valuable information will be yielded upon an exam-
ination of several of the assumptions. These include assump-
tions regarding: (a) outlet mixing conditions, (b) the distri-
bution of maximum incident radiant energy which may strike -
a water surface, {c) geographic effects on the adjustment of

data from distant collection stations, and {d) the surface
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area over which transfer of energy is effectively taking
place,

{5) The effect of run-of ~the -river impoundments can be
included in the model.

6.3 SUGGESTIONS FOR FURTHER RESEARCH

Several areas worthy of additional study regarding the modelllring
techniques can be suggested. As was mentioned while the subject was
being developed, the distribution resulting from the randomly selected
values of radiation could take any form. As a uniform disfributibn
was used, the question arose whether or not another distribution
would be more realistic, this would have to be investigated. This is
a topic which falls into the discipline of meteorology or climatology.
The results of such an investigation would be a valuable contribution
to the overall development of this prediction technique.

Another area which must receive attention before the modelling
technique can be fully verified is that concerning the extent of mixing
which takes place at the discharge. For simplicity it was assumed,
as it has very often been in the pasf, that complete mixing took
place while experience has shown that, in fact, it is likely that strat-
ified flow may result and consequently losses to the atmosphere are
greatly in error. The results of the model studies are consistent
with these thoughts in the following ways. First the model results

indicated that the distance required to return stream temperatures

to natural levels was quite large in relation to what might be expected
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based on experience., This is because the surface temperatures
resulting under assumed mixed conditions are considerably lower
than for stratified conditions and subsequently the losses to the
atmosphere are proportionately lower, Had a stratified condition
been assumed to exist., heat loss rates would have been much higher
and the average temperature of the flow at downstream sections
would have been lower., Certainly, these conditions must be studied.
To accomplish this the strength of forces tending to establish stra-
tified conditions must be evaluated by investigating the Densimetric

(35)

Froude number. It has been found in studies by Bata that when
<1, 0 stratified conditions will exist, Such determinations when

carried out simultaneously with heat balance computations will

yield more realistic temperature profiles.
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SYMBOL
A
A

HI

-

Patm,

GLOSSARY OF SYMBOLS

DESCRIPTION
Area; cross-sectional arca

Vertical component of eddy
conductivity

Area of cooiing pond

Empirical parameter

Empirical parameter

Specific heat at constant pressure
Empirical parameter '
Empirical parameuter

Mean depth of cdoling pond

Vapor pressure of air '

Saturation vapor pressure at
waler surface temperature

Froude number

Total heat input to a reach
in time, t.

Heat exchange coefficient

Fraction of mean pond depth
occupied by outflow from a
plant

Atmospheric pressure

Heat absorbed or dissipated per
unit area

Atmospheric long wave radiation
from a clear sky (incoming
energy)

Atmospheric long wave radiation
from an overcast sky (incoming
enc1gy)

Heat energy advected from water
surface (outgoing energy)

Atmospheric long wave radiation
reflected from watler surface’
(outgoing energy)
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TYPICAL
. UNITS

sq. ft.

dirmensionless

acres

BTU/(sq. ft. }{br.)
BTU/(sq. ft. ){br.)
BTU/(Ib)(degrees F)
BTU/(5q.ft. }{hr,)
BTU/(sq. ft. }(hr.)
feet

mm Hg.

mm Hg.

dimensionless

B.T.U.
BTU/(sq. ft. )(hr.)

degrees F

millibars

BTU/ (sq. (t. )

BTU/ (hr. J(sq.ft.)

BRTU/{hr.)(sq. ft.)

BTU/ (hr.)(sq. [i.) .

BTU/(hr.)(sg.ft.)



A

SYMBOL.

T,

DESCRIPTION

Long wave radiation from water
surface (outgoing energy)

Heat energy conducted from water
surface as sensible heat {out -

going energy)

Heat energy utilized in
evaporation (outgoing energy)

The average flow rate through
a reach

Net heat input rate

Heating rate from artificial sources
Net natural heat energy rate

Plant discharge rate

Solar short wave radiation incident

on water surface {incoming encrgy)

Scolar short wave radiation
reflected from water surface
{outgoing energy)

Bowen ratio

Plant discharge temperature

Absolute temperature

Alr temperature

Arbitrary base temperature

Temperaturé at which evaporation
takes place

Equilibrium temperature

Water surface temperature

Temperature change through reach

Travel time

Time available for cooling in a
flow through pond

Time available for cooling in an
internally circulating pond

Mean volume of cooling pond

TYPICAL
UNITS

BTU/' (hr. )(sq. ft. ). '

BTU/ (hr. ){sq. ft. )
BTU/(hr. }(sq. ft. )

cis

BTU/(sq. ft. )(hr.)
BTU/(sq. ft. }{(hr. )
BTU/(sq. ft, }{hr.)

cfs

BTU/(sq.ft. }(hr.)

BTU/(sq. ft. }{hr. )
dimensionless
degrees F.
degrees F,
degrees F,

degrees I,

degrees F,
degrees F,
degrees F.
degrees F,

hrs,

hrs.

hrs.

ac, ft,
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SYMBOL
Ve
v
W
s

DESCRIPTION

Volume of evaporated watcr

Velocity

Wind speed

Wind speed at elevation i

Width of stream
Adiabatic lapse rate

Empirical coefficient which is a
function of cloud height

Latent heat of vaporization of
evaporated water

Unit weight of water

Unit weight of evaporated water
Stefan-Boltzmann constant

Travel time

TYPICAL
UNITS

ac, ft,

ft. /sec.
miles/hr,
miles/hr,
ft.

dimensionless

dimensionless

BTU/1b.

1bs/ft3
1bs/ft3
dimensionlelss

seconds
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)

Nl

Read Va:1ahlos7
Meteorologi
Hyvdrologic ?

{""i'ﬁ}iNb =31 ]

- i

r
i

N
po
N

H

/—-Q—‘ +|——-¢-

- Is N>103 i Y(s
, LY

~\\\\\ /,f// L
0 rvom = 1,203
fli;iir - ‘..._j.u l
i {0 30y = : 1, ‘am f 1

.
— 30
L - L 1 e JE—
; —1 \Write & Punch /
| !

3 !
O )

o
Ll??_<"15 L<22 O {poatm=1,mm |

\T/ mex (OD=THZ0 (1, N
No

FETI—— i
' TMIN(M) =
r K= N ] TH20(1, 1)

[ {
[_.l,‘i‘ =2 | DO 42 N = 2, 1035

!

[ Tive() = 6.0 | (t
, _ )
, ¢ )




[_.I.l.igil (N, _1)3?1@
[ALac =20 |
IiOUR }0 0 -“7

f
]

[_-—m"nm (1) L'nELT‘

Is RM(H)

TR -“_- -’-":-'< B BEN[] .‘\"‘\_ -

“Is R . Yes o
\ = CODE(J) . >y GU T0 498‘_ y

“Is RM(M) "

< > CODE(. :
: CODET) =
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Is KODE(J) S

[ FRve = oG = or = 2

LCALL 00D j
|
[ 6o 10 407

- fggmg@ -

(o0 509 |

510

[CALL CHECK j

[prsrs=raion)-pevr!
498

[muan = covec) |

, I
|caLL cueck |

s3_ Y

| Ko = KODE(D) |
101 ¥

o _ {J.QL____
CALL BESVR "G 70 (101, 107, ]~ LCALL TONP -
* 102 1—4__“* 103, 104) , k0 —1.64_]

| {cas 1RIB J - - {oaw pisee |

4

“
Yes Is CODE(J)_
LGﬁ TO 512 >DIST + DELT.”
\ L
iNo

Gerei ]

LaMon = copEy) |

L caLr Ei'f‘_?‘f___ N
(om0 ]



(:F:i)
THAX(M) = AMAX1

(TMAX (M),
TH20:¢N, M)

N

THIN(MY = AMINi

{(TMINM),
THZO0(N, M)}

l

|

Write & Punch /
M, TMAX(M)

TMIN (M)

¢

/

[0 45 m = 1, |

{

| SUM = 0.0 }

| B0 46 N = 1,103]
46 f
SUM = SUM +
THZ0 (N, M)
AMEAN (M) =
stm / 103

f

Write & Punch
M,
AMEAN (M}

_/
Y
[Do 49 1 = 1,mm
1'
sz = 6.0

o

S
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{00 50 N = 1,103 ]

PART(N) = ]
(THZO(N, M) -
AMEAN (M) )0 2

0¥

SUM2 = SUMZ2 +
PART(N)

!

VAR(M) =
sumz / 102

!

[ A=vam |

[ DEVON) = SGRT(A)]

Write & Punch

M.
VAR(M),
DEV(M)
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C D~ W W

502

200

SIS gy

£,

5
8

aQ
10
1%

17

2

1

1

15%
* # *******************************************************

HEAREAXRERRER XX REERE WHITE RIVER MODEL % ¥ FRHXEHEHAHH
HHEREHA R R AR AR R AR B R RR R AR AR H R AR RR AR R ERRERF XA LA REXNS

DIMENSION CPTW(103)sCPTA(1039211sQRE1I03,11) sXWIND(103),
COEFF(21)sFLOWI103)sRISE(103)+SET(103)
QNR(20}sGBRI20) 9 TH20( 1039211 +QE(20)s0C(20) s
WET{10393)sDRY(103+3)sTIME(100)sA(103)sB(103),
TMAX(21) s TMIN(21) sAMEAN(21) sPART(103) sVAR(21) s
CPFLO(21)sVEL{100) sCPVEL(21)sFLO(100)sTAI100) s
CODE(100) sKUODE(100) sVOL(103+20)+sDETTLLI03420)
RELSE(103520)sDWITH(103+20) s INFLO{103520)
DHG{103s30)sTDHG(103s30) s INCRS{103+20) oDEV(21)s
SUNUP(103) sCPRMIZ21) sRM {100 sWwH(20)sC(103)
WP{102510) s TPDHG(1C3910)

WRITE(64502)

FORMAT (1H1s10X929HTEMPERATURE PROFILE DEVELOPER//)

READ (541} (CPTW(N)sN=1s1C3)

WRITE(6s4) (CPTWIN)sN=15103)

DO 200 N=15103

READ (592} (CPTA(NsM) sM=1921)

WRITF (62 ) ({CPTA(NsM) sM=1921)

READ (55 ) (XWINDIN)sN=1+103)

WRITE (65 ) (XWINDIN) sN=15103)

DO 350 N=1s103

READ (5s17) (DRY(NsJ)sWETINsJ) s J=193)

WRITE(6917) (DRY(NsJ)swWbT(NsJ)sJ=193)

LO 300 N=1s103

READ (543) (QGR({NsJ)sJ=1911)

WRITE(693) (QR(NsJ) 9 J=1e11)

READ (535 ) (FLOWIN) #N=14103)

WRITE(G6+5 ) (FLOWIN) sN=141G21)

READ (5s15) (COEFFINYsN=1921)

WRITE(6+15) (COEFFINYsN=14s21)

READ (593 {CPRM{M) sM=1421)

WRITE(6s9) {CPRM(M) stz 4921)

FORMAT (67XsF240)

FORMAT ( 7X921F340)

FORMAT (6Xs11F640)

FORMAT(Z20(1XsF340))

FORMAT(B8X sF4403811X9F 4000l 1XsF4haCGollXsFbe0sllXsFste0)

FORMAT UEA sF 4 o0 sF B a U 07X sFbaQoF a0 TXaFG a0 sF 907X 9F 4 a0y

F5-097X9FQ009F500)

FORMATIG6X 2137 541)

FORMAT(16F5 .2}

FORMAT (11(1XsF6en))

FORMAT (19X s6F6el}

KJ=0

KJ=¥ J+1

READ (918) CODE(KJ)sKOLEIKI)

KODFKJI=KODE (KJ)

GO TO (259262728} $£ODIKY

DO 31 Nz1,.103

READ (51G) VOL{ NsKJ) s INFLOINSKJI)sRELSE(NsKI Y »

DETTINSKJI) sDWITHINSKIY 9 1EOD
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31 CONTINUF
GO TO 29
26 DO 37 N=1,1072
: READ (5+20) DHG{NsKJ) s TDHG(NsKJ)sIEOD
32 CONTINUE
GO TO 29
27 READ(S+22) 1EOD
GO TO 29 -
28 READ (5+20)QP(NsKJI{INCRS{NIKJII»IEOD
29 IF(IEODEQ«D) GO TO 24
READ (5+21) DFELTA
DEND=CPRM{21)
18 FORMAT (Fba2s2Xel1) -
19 FORMAT (4F1540919Xs11)}
20 FORMAT [2F15,0+49Xs11}
21 FORMAT (F5.1}
22 FORMAT{79Xs11)
TRAND=31
START OF SIMULATIONs TIME=0e0s CLOCK=12 MIDNIGHT OR 0000
HOURSe WILL YIELD DATA FOR 103 CURVES - ORE FOR EACH DAY OF
THE STUDY PERIOD s MAY 10 THRU SEPTe 30y )96%
N=0
500 N=N+1
IFINeGT«103) GO TO 505
L=0
501 L=L+1
CPFLO(L)=COEFFIL)*FLOW(N)
IF{LeLTa22) GO TO 501
J=0
K=N
LL=1
TIME{1)=640
TH20{Ns1)=CPTW{N)
ALAG=240
HOUR=0.0
M=1
509 J=J+1
RM(11=040
512 M=M+1
[=M=1
RM{M)y=RM(T}Y+DELTA
IFIRM(M)«GT«DENDY GO TO 500
IF(RM{M) .FQeCODE(JY) GO TO 498
IF(RMIM) e GT&CODE(JYY GO TO 510
IF(KODE(J) eEDeleURKODE(J) adQa2) GO TO 499
CALL CHECK
CALL" TEMP
GO TO 509
499 CALL XFLO
CALL TEMP
GO TO 509
510 NISTS=RM{M)I=DFLTA
498 RMIMY=CODFE(J)
CALL CHFCK



101
102
1G3

104
511

505

13
30

40

42

41
43

44
46
45

47

48

50
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KO=KODF (J)

GO TO (101s102s1039104) » KO
CALL RESVR

GO TO 511

CALL TRIB

GO TO 511

CALL TFMP

GO TG 511

CALL DISCG

J=J+1

IF(CODE(J) «GTWDISTS+DELTA) GO TO 512
M=M+ 1

T=M=]

RMEM) =CODFE (J)

CALL CHFECK

GO TO 513

MM=M-1

DO 30 N=1,103

NO 30 M=1 MM

WRITE(6513) TH20(N M)

FORMAT (11Xs21F3.0)

PUNCH 13s TH20(NsM)

WRITE (6340)

FORMAT (5Xs1HMs3Xs THTMAX (M) s I1X s THTMIN(M) )
DO 41 M=1sMM

TMAX (M) =TH20(1sM)
TMIN(M)=TH20(1 sM)

DO 42 N=2,103

TMAX (M) =AMAXL{TMAX (M)} s TH20 (NaM) }
TMIN(M) =AMINT (TMIN (M) s TH2O (N M) )
WRITE (6943) MsTMAXIM) o TMIN(M)
PUNCH 43sMsTMAX (M) 9 TMIN(M)
FORMAT (4Xs1252F7,0)

CWRITE (6s44)

FORMAT (5Xs1HMs 1X s BHMEAN(M) )

DO 45 M=1sMM

StIM=(.0

DO 46 N=14103

SUM=SUM+THZ2O0 (NM)

AMEAN{M)=SUM/103.

WRITE (6947} MeAMEAN(M)

PUNCH 47+ Ms AMEANI(M)

FORMAT (4XsI12+2XsF3.0)

WRITF (6+48)

FORMAT (5Xs1HMs 1Xs 6HVARIM) s IXs6HDEVIMY)
DO 49 M=] 4MM -
SUM2=0.0

DO 50 N=1,103

PARTI(N)=(TH20(NsM) —AMEANI(M) ) #%2
SUM2=5UM2+PART(N)

VARIM)=5UM2/102.

A=VAR (M)

DEVIM)=5QRT (A}

WRITE {6+51) MsVARIM)sDEV (M}
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49 PUNCH 51 ¢ MaVARIMYSDEV M)
51 FORMAT (4X 12 sF6e29FTel)
909 caLl FXTT
GO TO 999
Fr
TIRFTC PXFLD
SURROUTINE XFLO
CUMMON DHGoKUUDE s INFLOSVEL sRMsCULL o TASLPRMsCPTAN LOsds] s
1 MelLL -
IF{KODE{J) «EQe I )FLUX=INFLC(J)
IFIKODELJ) «FGa 2 JFLUX=DHGI)
FLO(1)=COEFF {1 I#5L0OWIN)
VARPZ0036#% { {FLUX+FLOIT )Y )#%,54]1)
VEL(1)1=0e036# (CPFLU[1)®%,4541)
VELIM)Y=VELC(T )+ ({{RMIM)=RM{TI NI Z{CCDE(IY=RM(L) ) ) *
1 (VNP-VEL(T1}))
KL=22-LL
TA(11=CPTA{Ns1)}
TA(MY=TALT ) H (L (RMIMY~RM DY Y/ (CPRMILL)~Ks (1)) )%
1 (CPTA(NSKL)=TA(I) )
FLOMISFLOOT )+ {(RMIMY=RM{ITII Y/ (CODE(I)I-RM(T ) )%
1 (FLUX=-FLO(E)}))
RETURN
END
$IBFTC LCHECK
) SUBROUTINE CHECK
COMMON RMsCPRMeMeLLsFLOSCPFLOVEL s TASCPTASCPVELSI
IF{RMI{M)«eEGeCPRM(ILLY)Y GO TC 801
IFIRMEM) « GTaCPRMILL)Y GC TO 802
IFIRMIM)aLTeCPRMILL Y)Y GO TO 803
801 CALL PROP1
GO TO 804
802 LL=LL+1
CALL PROP2Z
803 CALL PROPZ
804 RETURN
END
S$IRFTC NPROPI
SUBROUTINE PROP1
COMMON FLOsCPFLOsVELsTASCPTAMLL
FLOIM)Y=CPFLO(LL)
VELIMI=Ce036#{FLOIMI¥¥,541])
KL=2?2-LL
TAIMY=CPTAIN KL}
RETURN
END
$IBFTC NPROP2

SURROUTINF PROP2
COMMON CPVEL sCPFLOSVEL yRMaCPRMeTASCPTASFLOsLLLaMsIsFLOW

CPVEL(LL)=0e036%¥{CPFLOILLY*%¥4,54])
VEL(1)=0.,036#%(CPFLO(1)*%*,541)

VELIMY=VEL(I )+ ({ARMIMY=RMOII )/ (CPRMILL)Y-RMIT) ) )3
] (CPVFLILLYI=VEL(I} )

KL=22-LL
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TA(1)=CPTA{Ns1)}

TAMM)=TACI Y+ (CERMIMY~RM{I ) )/ (CPRM{LL)=RM{1)})*

1 (CPTA{NSKL)=TA(I)))

FLO(1)Y=COFEFF(1)%FLOW(N)

FLO(MY=FLOCI )Y+ { {{RM{M)=RM(I))/ (CPRM(LL)=RM(I}))%
1 - (CPFLO{LLY=-FLC(I)))

RFTURN

FND

SIRFTC DTFMP

101

102

SUBROUTINE TEMP

COMMON RMsVEL s TIMESALAGs s TAsTH2OsDRY sWET s XWINU sDEND »
1 FLOsNsMalsK
1 FLOW

ADVAN=RM(M)~RM(T)

FLOL=COEFF(II*FLOWIN)

FLOZ2=COFFF{M)*FLOWIN)

VFLITI)Y=04036%(FLOLI¥%,541)

VELIM) =0 036% (FLOZ2%%¥,541)

PLUS =ADVAN/{(VELIMI+VEL(I))}/2.)

TIME{1)=6,0

TIME(M)=TIME(I)+PLUS

ARGUI=TITIME(L)-ALAGI#5,282) /24,

ARGUM= (LT IME (M) =ALAG) %¥64282) /24

TRIGI=SIN(ARGUI)

TRIGM=SINIARGUM}

[FITARGUM=ARGUI ) «GEWBe282) GO TO 101

GO TC 102

RATIO=1.0

K=K+1

AN=AN4] .0

GO TO 103

FF (AN L T2l e« )=~ (4165+ (41357314 )%AN)

IF (AN GE 31 e }D==( 4435~ 4/435/97,1%AN)

PIr=2,141

PIFT=PIFE/2e=D
PlEA=3¢ %P1 /244D
AUCT22a=2 o ¥
AUCT=={TRIGI4D¥ARGUT)
AUCHM=={TRIGM+D*ARGUIM)
AUCPTI=={SINIPIEIY+D#PIET)
AUCPM=AUCT+ALCP]
IFIARGUT « GTa6e 282y GO T 5
IF{ARGUMLGT+6e782) GO TC 59
GC TO 56

ARGUI=ARGUI~64,287

GO To 57

ARGUM=ARGUM~§ o 282

GO TG 58

IFIARGUI « GT « ARGUM T ARGUMS ARGUM+E6 o 2872

IFAARGUI a LT ePIE] s AND G ARGUMe LE P TET ) XNUM=040
IF{ARGUI a LT« PIFTaANDeARGUMGGT«PTET I XNUM=ALCM+AUCP I
[FIARGUM LT« PIF Mo AND G ARGUT s CTAPTE T YXNUM=ALICM-ALCT
[FIARGUMe GE a PIEMe AND @ ARCUT o LT o PTLEM ) XNUM=AUCPM-AUCI
TFIARGUT o GF e PIEM e AND e ARCUM S GTa P 1R ) XNUM=0C

c,
7



aNANARSANA

103

1

1

1

IF (XNUMeGT « AUCT «OR e XNUMoLTs 0o ) XNUM=AUCT

AXTS=PIFM-PIF1

161

IF{ARGUI «LTePIEIsANDeARGUMeGT«PIET)IEXPOSE=(ARGUM-PIET )/

AXIS

IF{ARGUMeLT e PIEMe AND e ARGUT o GT«PIEI ) EXPOSE=(ARGUM—ARGUI }/

AXTS

IF{ARGUMs GE e PIEMe AND e ARGUL o LT PIEMIEXPOSE=(PIEM~ARGUTL )/

AXIS
RATIO={XNUM/AUCT)
AN=AN+1.0

IRAND=IRAND%41+3

MOD=TRAND-{{ IRAND
J= LIMOD+1)/710)+1
JJJ=11-J

SHADE=Qe 14 (04 /51 T)®*{RM(T}I+RM(M)I I /240

#EXPOSE

/100)%100)

WNRITDI=QR (K s J)*RATI10*SHADE

KL=22-1
L=21-1
TAIR=(TA(NSKLI+TA
[IF{XNUMeEGsOe) TA

{Nsl})/2
IR=TAIR-1040

SUBL=(TH20(Ns 1} +46041%%4

SuB2=(TAIR +460
GBR(I) =.000000C
IFIQBRUI) L. TeOs}
DBLB=(DRY (Ns1}+DR
WBLB={WET (Ns1}+WE
DIFF=DBLB~-WELB
IF{DBLBaLE«5440)
IF(DBLE«LE«63.0)
[IF{DBLBeLE«7240)
IF(DBLBeLE«8le0)
IF{DBLB«LE«90,0)
[F(DBLBeLE«9940)

EW=1064133-(61664¢132/(TH20(Ns1)1+46041}])
EA=RH/1004%(10e133-(4166.132/({TAIR+460+)1})

WIND=XWIND(N) /24,
QF(TI) =0« HT*#WIND
QCLI)=0a138%WIND*
QH{T) =QNR 1) -QBRA
W=250.
RUN={FLCl1+FLO2}/2
WIDTH={ {ADVAN/2.+
HiwTR = HIGH WATE
15 RASED

THIS IS A TRIAL R

SIMPLIFY COCMPUTAT
HIWTR=1177.

REDUCE = RUN/({{COEFFITI)+COEFFI(NM)) /24 ) ¥HIWTR)

AREA=ADVAN®WIDTH#*
HI=QH{T)*AREA
WM=RUN *#224640,
DELT =HI/WM
TH2C(NsM) =TH20(N

SET A

349% (SUBL-5UB2 )
QER(I)I=0.
Y(Ns2)+DRY(N+3)) /3.
T(Ns2)+WET(Ns3}) /34

RH=100e~ {6+ 06%DIFF )
RH=100e={ 5+ 21%*CIFF)
RH=100e=({ 4 56%¥D1FF)
RH=100e=( 4 16#DIFF}
RH=100e={ 3 7i#DIiFF)
RH=100e~{3437%#DIFF)

*#(EW=-EA)
(TAIR-THZO(Ns1 1))
[V=QECTy+QC(LY

*

RMITY)Y/RM{21) ¥ %w

R FLCW RATEL UPON wWwHICH MAXa

UN FOR HIWTR = 1172
STREAM SURFACE AREA ASSUMED- A TRIANOULAR WEDGE TO

10NS

REDUCE*%5280.

[T+DELT

SUKFACE

AREA
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IF{THZ2O(N M) oGT e 1006 e ORaTH20(INM) oL Ta30e) GU TOL L1
GO TO 16
11 WRITF(6+18)TH20(NsM}
18 FORMATI(8Xs15HTEMP TOO HIGH =sE16e7)
TH2O({NsM) = 60,
16 WRITE(6912) MaTH2O(N ST} TH2C{ N M)
12 FORMAT{BX s 122X o5H¥%U% K 42X 9 16H0TEMPe AT START =9F5eZ232X0
1 14HMTEMP e AT END =3F6.2)
RFTURN
FMD
$IBFTC DTRIR
SUBROQUTINE TRIB
COMMON RMeVEL s TIME sALAGsK s TAsTHZ20+DRY sWET o XwINLsDEND »
1 FLOsNsMseI s JsDHGs TDHG
CALL TEMP
M=M+1
=M=
RMIM)Y=RM{ 1}
TH20(NasM)={FLO{ L)} ¥ THZ0{N» [ )+OHGI{Ns ) *¥TDHGINs J) Y/ (FLOIT Y+
1 DHG{NsJ}) .
RFTURN
EMD
$IBRFTC DOISCG
SUBSROUTINE DISCG
COMMON RMsVEL s TIMEsALAGIK s TAsTHZOsDRY sWET s XWINUD s DEND »
1 FLOsNsMeI s JsUPsTPDHG
CALL TEMP
M=M+1
[=M=1 ‘
RM{M}y=RM(1I)
TH20(NeM)=((FLO(T)=QP( J}Y}®THZ2O0(NsI)+QP( JI*TPLHGL J)Y)/
1 FLOC(IY
RETURN
END
$IBFTC DRESVR
SUBROQUTINE RESVR
CUMMON RMoVEL o TIME s ALAGsK s TAsTHZGsDRY sWET s XWINLIDEND
1 FLOsNsMsIs2sQPsTPPDHG
CALL TEMP
M=M+1
[=M-1
RM{M)=RM{ 1)
THZO(NsM)=TH20(Ns1)
RETURN
END-
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*81h
*6ln
*81h
*LTh
*9Th

*STh

*Hih
*TTh
*0TH
‘0Th
‘OTh
‘0THh
*aTh
*0THh
‘0Th
*0THh
*0Th
*g0h
*L0h
*SOh
*G0h
*h0h
*ICHh
*00H
*66¢
*g6¢
*L6E
*hee
*g6s
*26¢
*l1ec
‘086t

*g28
629
*g28
128
529
28
429
‘128
L]
128
~z2e
229
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Table C.2 Air Temperatures at Designated Stations
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Table C.3 Water Temperatures at Designated Stations
21 Stations for each of 103 days
Given in Degrees Falirenheit
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Table C.4 Wind Speeds (From U.S.Weather Bureau, Lebanon, N.H.)
Given in miles per 24 hr. period
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Table ¢,5 Wet & Dry Bulb Temperatures & Cloud Cover
{From U.S.Weather Bureau, Lebanon, N.H.)
Given in °F. and tenths of complete cloud cover
Average Value for each Quarter of the day
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